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In last decades, nuclear technology has developed rapidly
and become more important to human society. Nuclear
technology has many advantages, such as zero carbon emissions, energy independence, and safety. At present, nuclear
installations are more prevalent than ever before. Therefore,
with the rapid development and wide applications of nuclear
technology, many new technologies have been emerging to
guarantee its reliability and safety, where measuring devices
and techniques that can exactly measure and monitor the
nuclear installations show particular importance.
The research of measurement in nuclear installations
involves many aspects, such as nuclear reactors, nuclear fuel
cycle, safety and security, and environmental applications.
Recently, a big number of advanced measuring devices and
techniques have been widely applied in nuclear installations.
Multifarious nuclear radiation detectors were used in nuclear
radiation detection. A variety of measuring instruments,
for example, mechanical gauges, flow meters, pressure and
temperature sensors, were employed to control the systems,
monitor possible development of defects/failures, and especially to prevent catastrophic accidents.
In this special issue, we published 9 articles. All contributions highlight recent major breakthroughs, progress,
and challenges on instrumentation and measuring methods
in nuclear installations. In these articles, one is the review
paper of advance measuring methods and instrumentations
for nuclear installations, four papers are concerned with
measurement method and four papers present some new
measurement instrumentations.
The review paper “Advanced measuring (instrumentation)
methods for nuclear installations: a review” mainly introduces

the development of the measuring (instrumentation) methods for nuclear installations and the applications of these
instruments and methods.
For spacer grid in PWR fuel, previous research on the
strength analyses was performed using base material properties owing to a lack of mechanical properties in the weld
zone. The paper “Eﬀect of weld properties on the crush strength
of the PWR spacer grid” analyzed the strength considering
the mechanical properties in the weld zone and obtained
satisfied results.
The paper “Nuclear power plant instrumentation fault
detection using fuzzy logic” discussed the availability of a
large number of measured signals and additional component
information, and the increasing number of signal processing
options to analyze sampled data motivates the assimilation
of such diverse information into a plantwide condition
monitor. The use of fuzzy logic is described for the purpose
of performing the decision making regarding the system
status and the possible need for component maintenance.
Fuzzy-logic-based diagnostic monitoring is applied to data
acquired from instrumentation within operating facilities.
A new estimation method to determine the optimal
number of transducers for accurate flow rate measurement
downstream of a single elbow is presented by “Study on the
optimal number of transducers for pipe flow rate measurement
downstream of a single elbow using the ultrasonic velocity
profile method.” The new estimation method employs a
wave number of velocity profile fluctuations along a circle
on a pipe cross-section using fast fourier transform. The
optimal number of transducers is estimated based on the
sampling theorem. To evaluate this method, a preliminary
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experiment and numerical simulations using computational
fluid dynamics are conducted. The results indicate the
eﬃciency of this new method.
Another new method of NCT for a sample liver phantom
was defined by the paper “Design and simulation of a new
model for treatment by NCT.” An interaction of 12 MeV
neutrons with a multilayer spherical phantom is considered.
The phantom consists of equivalent liver tissue at the centre,
covered with a layer of polyethylene and an external thin layer
of cadmium. In order to reach the desirable energy range of
neutrons in accord with required energy in absence of eligible
clinical neutron source for NCT, this model of phantom
might be utilized. The neutron flux and the deposited dose
in all components and diﬀerent layers of the mentioned
phantom are computed by Monte Carlo simulation.
Besides many new measurement methods, more novel
instruments were widely used for measurement in nuclear
techniques. In order to diagnose laser-plasma distribution
in space and evolution in time, an elliptical curved crystal
spectrometer has been developed by the paper “A novel
spectrometer for measuring laser-produced plasma X-ray in
inertial confinement fusion.” The curved crystal spectrometer
mainly consists of elliptical curved crystal analyzer, vacuum
configuration, aligning device, spectral detectors, and three
dimensional microadjustment devices. The spectrographic
experiment was carried out on the XG-2 laser facility. Emission spectrums of Al plasmas, Ti plasma, and Au plasmas
have been successfully recorded by using X-ray CCD camera.
A variety of new equipments based on smart materials
were also used in measurement and controlling of nuclear
installations. The paper “Squeezing force of the magnetorheological fluid isolating damper for centrifugal fan in nuclear
power plant” reports the analytical endeavor into the fluid
dynamic modeling of an MR isolating damper. The velocity
and pressure distribution of the magnetorheological fluid
operating in an axisymmetric squeeze model are analytically
solved using a biviscosity constitutive model. Analytical solutions for the flow behavior of MR fluid flowing through the
parallel channel are obtained. The equation for the squeezing
force is derived to provide the theoretical foundation for the
design of the isolating damper.
Centrifugal fan is an important component of ventilation
system in nuclear power plant. A continuously variable
transmission system based on magnetorheological fluid and
shapememory alloy for improving the operating eﬃciency
of the centrifugal fan in nuclear power plant was proposed
by the paper “MR continuously variable transmission driven
by SMA for centrifugal fan in nuclear power plant.” The
equation of transmission torque developed by MR fluids is
derived to compute the torque transmission ability in the
continuously variable transmission system. A shape-memory
alloy spring actuator is designed to control the electric
current in coil assembly. The results indicate that the change
of temperatures has a tremendous influence on the electric
current in coil assembly, the transmission torque of the
continuously variable transmission system changes rapidly
according to the temperatures acting on shape-memory
alloy spring actuator, and the output angular velocity of the
centrifugal fan can be adjusted continuously.
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A theoretical analysis of the eﬀect of the applied magnetic
field on the viscoplastic flow between two cylinders in the
speed-adjustment system is presented by “Cylindrical magnetorheological fluid variable transmission controlled by shapememory alloy.” A sliding mode SMA switch is proposed to
modify the magnetic field acting on working gap under
thermal eﬀect.
In this special issue, the development of the measuring
(instrumentation) methods for nuclear installations and the
applications of these instruments and methods are presented.
Various instruments and measurement methods used in
nuclear power reactors, nuclear fuel cycle, safeguards, and
analysis are discussed in detail. With the rapid development
and wide applications of nuclear technology, more and
more novel technologies will be used for measurement and
monitoring in nuclear installations.
Yan Yang
Jin Huang
Xing Chen
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This paper presents a new estimation method to determine the optimal number of transducers using an Ultrasonic Velocity Profile
(UVP) for accurate flow rate measurement downstream of a single elbow. Since UVP can measure velocity profiles over a pipe
diameter and calculate the flow rate by integrating these velocity profiles, it is also expected to obtain an accurate flow rate using
multiple transducers under nondeveloped flow conditions formed downstream of an elbow. The new estimation method employs
a wave number of velocity profile fluctuations along a circle on a pipe cross-section using Fast Fourier Transform (FFT). The
optimal number of transducers is estimated based on the sampling theorem. To evaluate this method, a preliminary experiment
and numerical simulations using Computational Fluid Dynamics (CFD) are conducted. The evaluating regions of velocity profiles
are located at 3 times of a pipe diameter (3D) for the experiment, and 1 and 5D for the simulations downstream of an elbow,
respectively. Reynolds numbers for the experiment and simulations are set at 4 × 104 and 5 × 106 , respectively. These results
indicate the eﬃciency of this new method.

1. Introduction
Accurate pipe flow rate measurements are important to
generate electricity with high eﬃciency at nuclear power
plants. Highly accurate flow metering has also been required
recently to improve plant performance and reduce the
environmental impact of plant discharge on the surrounding
sensitive environment. The accuracy of nuclear reactor feed
water flow rate measurements is receiving special attention,
since they represent the largest source of uncertainty when
calculating reactor thermal power. The accuracy of flow rate
measurement for turbine cooling systems is also important
to monitor any temperature increase in discharge water and
improve steam condenser performance. We aim to apply the
UVP method to measure the flow rate of feed and circulation
water in power plants.
Compact piping configurations are often used at the
suction of centrifugal pumps due to space restrictions.

The generation of secondary flow structures such as swirls,
asymmetry, and flow distortion within such systems is
strongly dependent on the piping system geometry, for
example, the angle of pipe bends, bend radii, planes of
curvature, types of elbows, and lengths between elbows.
The UVP method allows instantaneous velocity profiles
to be obtained along the ultrasonic beam path. The principle
of the flow measurement method is based on integrating
an instantaneous velocity profile over a pipe diameter.
This method can obtain the velocity component along the
ultrasonic beam, while the streamwise velocity component
can be calculated provided the pipe flow is fully developed
with long straight pipe sections upstream of this meter.
To validate this technique and investigate its accuracy,
calibration tests were performed at the National Institute of
Standards and Technology (NIST) flow standards located in
Gaithersburg, MD, USA [1, 2]. These results showed that
the diﬀerence between the average flow rate, as measured by
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Figure 1: Ultrasonic propagation in the UVP method.

the UVP method and NIST gravimetric measurement, was
approximately 0.18%.
To evaluate the eﬀect of pipe surface roughness on
the accuracy of the meter factor using the UVP method,
experiments were conducted [3]. For nondeveloped flows
downstream of a single elbow, the multimeasuring line
method was applied [4]. This method employed three transducers mounted on a pipe with a constant circumferential
interval. However, since these experiments were conducted
8 diameters downstream of a single elbow, the secondary
flow influence was relatively minor in comparative terms
compared with the case of 1 or 2 diameters downstream of
a single elbow. Power plants often require accurate flow rate
monitoring, even without suﬃcient straight pipe sections
upstream of the measuring point. Particularly for large diameter pipes, it is diﬃcult to arrange a suﬃcient straight pipe
section upstream of the measuring point and the distance
between a single elbow and the measuring point is often
only a few diameters. To apply UVP to accurate flow rate
measurement under this condition, estimating the optimal
number of transducers is important with costs in mind.
Based on conventional studies, secondary flow structures
downstream of a single elbow were reported [5–8], and
the eﬀects of a single elbow on flow rate measurement
accuracy were investigated using an orifice flow meter [9].
However, few investigations have been conducted on flow
rate measurements under the condition of a strong secondary
flow a few diameters downstream of a single elbow.
To measure flow accurately under such condition,
detailed knowledge of the flow field downstream of a
single elbow is required to minimize the adverse eﬀects
of secondary flows. Such knowledge can be eﬀectively and
eﬃciently gained using CFD.
This paper presents a new estimation method to determine the optimal number of transducers to measure flow
rate accurately downstream of a single elbow. To evaluate
this new method, a preliminary experiment was conducted
under conditions of a Reynolds number of Re = 4 × 104 ,
a pipe inner diameter of D = 50 mm, and a measuring

point located at 3D distance downstream of an elbow.
Subsequently, CFD calculations were also conducted under
the following conditions: flow rates were estimated at 1 and 5
diameters downstream of a single elbow. The inflow profiles
showed fully developed turbulent pipe flow and the diameter
was assumed to be 600 mm piping with short elbow. The
Reynolds number was set at 5 × 106 considering the actual
plant condition.

2. Flow Rate Measurement Method
Using UVP
A UVP method for flow metering systems was developed
[10, 11]. Figure 1 shows a diagram of the ultrasound
propagation involved in the UVP method, which allows
instantaneous velocity profiles to be obtained along the
ultrasonic beam path. The principle of the flow measurement
method is based on the integration of an instantaneous
velocity profile over a pipe diameter.
Ultrasound at frequency f0 is emitted into the fluid at an
incident angle θw from a transducer. The ultrasonic pulses
bounce back from particles flowing in the fluid with the
frequency shifted fd based on the Doppler principle, which
is propositional to the particle velocity VTX . By assuming a
one-directional flow parallel to the streamwise direction for
a fully developed flow, the velocity in the axial direction Vaxial
can be obtained as follows:
Vaxial =

VTX
,
sin θ f

(1)

where θ f is the transmission angle of ultrasound in the
fluid. The particle position L f is also determined along the
ultrasound path. By measuring the traveling time of the
ultrasonic pulse t f for the round trip between the transducer
and the targeting particle in the fluid, the particle position
L f can be calculated as the distance from the transducer
to the particle at the speed of the ultrasound in the fluid.
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Figure 2: Velocity component of tracer particles flowing in fluid
obtained by the UVP method.
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Figure 4: Schematic diagram for the preliminary experiment.
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Figure 3: Transmission ratio of ultrasound from carbon steel to
water versus the incident angle of ultrasound wave into carbon steel
plate. (Ai0 : amplitude of incidence ultrasound, At2 : amplitude of
transmission).

The following equations show the relationships used in the
UVP method:
VTX =

s0 = cotθs0 ,

cf
fd ,
2 f0

cf tf
.
Lf =
2

(2)

The flow conditions downstream of elbows are usually
not fully developed flow due to the strong secondary flow.
Therefore, velocity profiles obtained by UVP are influenced
by the secondary flow. For example, as illustrated in Figure 2,
while the actual velocity vector varies from Vb to Vd , the
velocity component obtained using UVP is the same value,
Va .
Studies on ultrasonic transmission eﬃciency through
various media are needed to consider accurate flow rate
measurements. Figure 3 shows an ultrasonic transmission
ratio where the ultrasound enters water through a carbon

A is the amplitude of the ultrasound pulse, λ and μ are
the Lame constant of the medium, and θ is the incident or
refraction angle of the ultrasound pulse.
The propagation and transmission of ultrasound follow
the wave propagation theorem. Reflection, diﬀraction, and
inflection of ultrasound pulses occur at the boundary of
two materials with diﬀerent acoustic impedances. In solids,
both longitudinal and shear vertical waves are generated with
diﬀerent refraction angles, the transmission ratio of which
can be estimated considering the ultrasound incident angle
and the acoustic parameters of these materials. Multiple wave
paths emerge in the flow field, which aﬀect the accuracy
of flow rate measurement [13]. Therefore, to measure the
flow rate in a pipe through the pipe outer wall, adopting
the shear vertical wave is preferable because the transmission
wave into water forms a strong and single wave path. Since
the transmission angle in water is approximately 18◦ , as
illustrated in Figure 3 when adopting the shear vertical
wave, the secondary flow has a remarkable eﬀect on velocity
profiles obtained by the UVP method.
The UVP method can measure an instantaneous velocity profile as mentioned above, and the sampling rate
is approximately 50 to 100 ms per profile when a pipe
diameter is 500 mm. Additionally, a flow rate is generally
calculated using a time-averaged velocity profile averaged
using over 1000 instantaneous velocity profiles. Considering
these parameters, the UVP method is applicable to fluctuating flows required over a 50 to 100 ms sampling rate

4
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(or below 10 to 20 Hz). Conversely, a conventional study
reported a frequency of pressure fluctuation just after an
elbow of approximately 3 to 10 Hz for Re = 106 [14].
Therefore, in this paper, a time-averaged velocity profile is
employed to investigate the optimal number of transducers
for accurate flow rate metering.

3. Preliminary Experiment
3.1. Experimental Conditions. To evaluate the new estimation method to determine the optimal number of transducers to measure flow rate accurately downstream of a

0
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φ (deg)
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r/D = −0.2
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r/D = −0.4

r/D = 0.1

r/D = 0.2

r/D = 0.3

r/D = 0.4

240

300

360

Figure 7: Velocity profiles along the measuring circle (Re = 4 × 104 ,
Ld = 3D).

single elbow, a preliminary experiment was conducted. The
experimental apparatus used consisted of a water circulation
system, a test section, and a measurement system as shown
in Figure 4 [15]. The schematic diagram was designed
to emphasize the formation of fully developed turbulent
pipe flow downstream of elbows. The flow rate could be
controlled via a bypass line and flow control valve. Water
was circulated by a centrifugal pump. The pipeline system
was made of Polyvinyl Chloride (PVC). Before the test
section, a flow conditioner and turbulence promoter ring
were installed to ensure a uniform velocity profile.
Water was filled in a water box coupled between the
transducer and pipe. The pipe at the test section was made of
acrylic considering the high ultrasound transmission ratio.
The total length of pipe was approximately 1.5 m, with inner
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diameter and wall thickness of 50 and 5 mm, respectively.
The flow rate was monitored by an electromagnetic flow
meter located upstream of the test section. Elbows had
curvature angles of 90◦ and average curvature of 30 mm.
The measuring point was located at 3D downstream of the
elbow.
Figure 5 shows the schematic diagram of a measuring
section when using three transducers. The transmission
point of the ultrasound into fluid, the center point of the
pipe, and the far point from the transducer on the pipe
inner surface along the ultrasonic beam path are defined as
r/D = −0.5, 0 and +0.5, respectively. A line segment from
r/D = −0.5, to 0 (or 0 to +0.5) along the ultrasonic beam
path and a circle passing through the measuring points on
the same cross-section are defined as “measuring line” and
“measuring circle,” respectively. Therefore, the total number
of measuring lines is six when using three transducers. The
regions from r/D = −0.5 to 0 and from 0 to +0.5 are defined
as “near field” and “far field,” respectively. Additionally, the

10

12

Figure 10: Flow rate errors versus the number of transducers.

circumferential transducer position φ on the pipe outer wall
is defined as illustrated in Figure 6.
The flow measurement system is composed of the UVPDUO model (Met Flow AG) and a PC, which records the
flow rate obtained by the electromagnetic flow meter and the
temperature data by a thermometer. The basic ultrasound
frequency is 8 MHz and the distance between measuring
points along an ultrasonic beam is 0.74 mm. Nylon powder,
the average particle diameter of which is approximately
80 μm and specific particle gravity of which is 1.02, was
dispersed in water as an ultrasonic reflector. The Reynolds
number is Re = 4 × 104 . During the experiment, the water
temperature was kept at a constant 25◦ C using a subcooler
installed inside a reservoir tank.
A time-averaged velocity profile is averaged using 1024
instantaneous velocity profiles and normalized by the mean
velocity. A transducer is mounted on the outer surface of
the pipe at an incident angle of 10◦ to the normal plane
of the wall. The transducer is set at 10◦ intervals around
the pipe and the velocity profiles were measured at each
circumferential position.
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planes as estimating secondary flow.

w
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flow, velocities Vα UVP and Vγ UVP obtained at Pα and Pγ
were almost the same without a secondary flow, due to the
proximity of Pα and Pγ , while Vα UVP and Vγ UVP diﬀered
with a secondary flow as shown in Figure 8(b). For example,
when focusing on the case of r/D = −0.3 and +0.3 in
Figure 7, Vα UVP (plotted at φ = 90◦ and r/D = −0.3)
diﬀered significantly from Vβ UVP (plotted at φ = 270◦ and
r/D = −0.3), while Vα UVP was similar to Vγ UVP (plotted at
φ = 270◦ and r/D = +0.3). More studies regarding the eﬀects
of secondary flow on a velocity profile along a measuring
circle are required for quantitative evaluation.
Investigations of the optimal number of transducers are
important when flow rate measurements using the UVP
method are conducted. The spatial resolution of measuring
points along a measuring line can also be controlled according to the pipe diameter and the required flow rate accuracy.
Conversely, the spatial resolution along a measuring circle
depends on the number of transducers, the optimal number
of which can be estimated by considering flow conditions,
for example, swirl or asymmetric flows. Therefore, in this
study, the wave number of velocity profiles fluctuation in a
measuring circle was investigated using FFT analysis, and the
number of transducers was also estimated using these FFT
results.
Figure 9 shows the FFT results calculated using velocity profiles along measuring circles. The maximum peaks
emerged at approximately Nw = 1 for every r/D cases, while
the amplitudes declined at Nw = 2 to 3, where Nw indicates
the wave number in a measuring circle.
Flow rate errors versus the number of transducers
mounted around the pipe outer wall are plotted in Figure 10.
The flow rate of “All field” written in the figure is calculated
using velocity profiles in both near and far fields. Since
the flow is expected to vary in a streamwise direction, the
converged flow rate error of the near field diﬀers from
that of far field. The flow rate errors converge when using
approximately 4 to 6 transducers, and this result is consistent
with the estimated number of transducers considering the
sampling theorem.

Z
Y

4. CFD Simulation

X

Figure 12: Schematic diagram of the mesh layout around the single
elbow.

3.2. Results. Figure 7 shows velocity profiles along each measuring circle obtained by the UVP method. The horizontal
axis is the transducer circumferential position, while the
vertical axis is the time-averaged velocity normalized by
the mean velocity. This figure indicates that velocity profiles fluctuate depending on the circumferential transducer
position. The flow condition formed in this experiment was
expected to be an asymmetrical flow along a line through
φ = 90 and 270◦ with small secondary flows. This is because
considering velocities obtained at three points (Pα , Pβ , and
Pγ ) as illustrated in Figure 8(a), the velocities Vα UVP and
Vβ UVP obtained at Pα and Pβ diﬀered under an asymmetric

4.1. CFD Code and Modeling. In this paper, CFD analysis
was performed with 1D mean radius elbow configuration.
The CFD code used to simulate a pipe flow downstream
of a single elbow was ANSYS FLUNET (Version 13.0).
An isometric view of the piping configuration is shown
in Figure 11. Secondary flows were estimated at six crosssections, from the outlet plane of a single elbow (0D) to 5D
downstream of a single elbow. Table 1 and Figure 12 show
the specifications of CFD analysis and a schematic diagram
of the mesh layout around the single elbow.
A velocity profile assumed to be measured by the UVP
method was read out from a numerical simulation result. In
this paper, the transmission angle into water was estimated
at 19.4◦ considering the material used for a pipe and wedge,
which were assumed to be composed of carbon steel and
polystyrene, respectively. The velocity profile was subject
to change depending on the incident angle, because the
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Figure 13: Patterns of secondary flow on each cross-section from 0 to 5D downstream of a single elbow (Re = 5 × 106 ). Bottom and top
show the inner and outer elbow, respectively.
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Figure 14: Averaged absolute velocities projected on each crosssection versus distance from the elbow.
Table 1: Specifications of CFD analysis.
Viscous model
Wall function
Time
Pressure-velocity coupling scheme
Spatial discretization
Gradient
Pressure
Momentum
Turbulent kinetic energy
Specific dissipation rate
Mesh type
Average mesh size
Number of mesh
CPU
Number of cores
Number of iterations
Calculation time per case

SST κ-ω
Use
Steady
SIMPLE
Least squares cell-based
PRESTO!
Second-order upwind
Second-order upwind
Second-order upwind
Polyhedra
0.0254D
2 × 106
Intel Xeon 3.2 GHz
3
3000
7h

transmission angle, in other words the ultrasound beam
path, would also change in water and the UVP method
measures the velocity component along the beam direction.
The eﬀects of an incident angle on the accuracy of the
UVP method for flow rate measurements were investigated
considering longitudinal, shear vertical, and Lamb waves
emerging in the pipe wall [13]. However, in power plants,
since many carbon steel pipes are used, within which water
usually flows, the transmission angle was expected to be
within a few degrees diﬀerence of 19.4◦ . Therefore, the
transmission angle in this paper was set at 19.4◦ as a
representative example.
A Shear Stress Transport (SST) κ-ω based model [16]
was employed for the turbulent model in this paper, because
the SST κ-ω model is described as a better turbulent model
than κ-ε models to estimate separation and reattachment
points in fully turbulent pipe flow with a sudden expansion
or diﬀuser [17, 18]. Moreover, velocity profiles obtained
downstream of an elbow were expected to be influenced by

vortexes generated in an elbow. The κ-ω based SST model
accounted for the transport of the turbulent shear stress.
For free shear flows, the SST model was identical to the κε model, with the convergence behavior of the κ-ω model
often similar to that of the κ-ε model. This is because the
zonal κ-ω models included a blending function in the near
wall region as a function of wall distance; an additional
equation was solved to compute the wall distance at the start
of simulations. The steady flow condition considering gravity
and the secondary order upwind for spatial discretization
was adopted. The Reynolds number was set at 5 × 106 based
on the pipe diameter and the bulk fluid velocity.
The inflow boundary condition for each case consisted of
uniform velocity components, while the outflow boundary
condition was used for the flow exit model. At the pipe
wall, the no-slip condition was applied to the velocity
components.
4.2. Results
4.2.1. Patterns of Secondary Flow on Each Cross-Section. The
computed velocity distributions projected on each crosssection plane from 0 to 5D downstream of a single elbow
are shown in Figure 13. It is well known that flow through
a pipe elbow results in velocity directions from the inner to
the outer wall. This figure shows strong vertical asymmetry
due to the pressure gradient and the strong secondary flow
generated in the elbow. As seen in this figure, the secondary
flows changed significantly between 0 and 1D downstream
of the elbow, while two large vortexes emerged after 1D,
which moved gradually outward from the elbow, increasing
the streamwise distance from the same. These secondary
flow patterns were expected to reduce the precision of
flow rate measurements, because the velocity component
along the ultrasound beam path varied depending on the
circumferential or streamwise position of the transducer.
To estimate the decrease ratio of secondary flows depending on the distance from the elbow, averaged absolute velocities projected on one cross-section plane and normalized
using the bulk fluid velocity were employed. These averaged
velocities are shown in Figure 14 with the distance from the
elbow on the abscissa. Since the decrease ratio between 0 and
1D is significant, numerous transducers were thought to be
required for accurate flow rate metering at 1D.
4.2.2. Velocity Profiles along the Ultrasonic Beam Path. Velocity profiles at 1 and 5D along the ultrasonic beam path are
illustrated in Figures 15 and 16. As shown in Figure 15(a),
the velocity profile at φ = 90◦ varied strongly in the
far field, because these velocities were aﬀected by the
significant secondary flow between two vortexes, as shown
in Figure 13(b). The velocity profile at φ = 270◦ formed
a diﬀerent shape compared with φ = 90◦ , since most
velocities along the vertical line traversing the center of
the pipe in Figure 13(b) pointed upward. Conversely, where
the transducer was mounted at φ = 0 or 180◦ , these
velocity profiles were almost the same due to the lateral
symmetric flow. The velocity profile fluctuation obtained at
5D, as shown in Figure 16, was smaller than those at 1D,
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Figure 15: Velocity profiles along the ultrasonic beam path (Re = 5 × 106 , Ld = 1D).
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Figure 16: Velocity profiles along the ultrasonic beam path (Re = 5 × 106 , Ld = 5D).

because the velocity of the secondary flow between two
vortexes was also smaller, as illustrated in Figure 13(f).
In addition, the velocity profiles read out at φ = 0 and
180◦ resembled the bulk fluid velocity of the pipe flow due
to the week secondary flow in a horizontal direction. This
result shows the capability to improve the accuracy of flow
rate measurement when transducers are located at φ = 0 or
180◦ downstream of a single elbow, while more quantitative
studies should be also conducted.
4.2.3. Velocity Profile along the Measuring Circle. Figure 17
shows velocity profiles along each measuring circle at
1D. The horizontal axis is the transducer circumferential
position and the vertical axis is the time-averaged velocity

normalized by the mean velocity. The velocity profiles
fluctuated locally at φ = 90 and 270◦ , while high frequency
fluctuation emerged at φ = 90◦ due to the vertexes shown
in Figure 13(b). Conversely, at 5D (see in Figure 18) the
frequency declined due to the decreasing vortexes eﬀect.
The flow conditions formed in these simulations were
expected to be asymmetrical along a line through φ = 90 and
270◦ with secondary flows. This is because when focusing
on the case of r/D = −0.3 and +0.3 in Figures 17 and 18,
Vα UVP (obtained at φ = 90◦ and r/D = −0.3) diﬀered
significantly from Vβ UVP (obtained at φ = 270◦ and r/D =
−0.3) and also from Vγ UVP (obtained at φ = 270◦ and
r/D = +0.3). Conversely, the flow conditions were expected
to show symmetric flow along a line through φ = 0 and
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Figure 19: Fourier amplitude of the velocity profile along the
measuring circle (Re = 5 × 106 , Ld = 1D).

2.5
Vα

2

UVP

v/Vm (—)

1.5

Vγ

UVP

Vβ

UVP

1
0.5

Vα

UVP

Vβ

UVP

0

−0.5

Vγ

UVP

−1
−1.5

0

60

120

180
φ (deg)

r/D = −0.1

r/D = −0.2

r/D = −0.3

r/D = −0.4

r/D = 0.1

r/D = 0.2

r/D = 0.3

r/D = 0.4

240

300

360

Figure 18: Velocity profiles along the measuring circle (Re = 5 ×
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180◦ with secondary flows. This is because, Vα UVP (obtained
at φ = 0◦ and r/D = −0.3) is almost the same as Vβ UVP
(obtained at φ = 180◦ and r/D = −0.3) and diﬀers from
Vγ UVP (obtained at φ = 180◦ and r/D = +0.3). These results
show a diﬀerent tendency of velocity profile compared with
the experimental result, due to the diﬀerence in Reynolds
number and streamwise measuring location.
4.2.4. FFT Analysis of the Velocity Profile along a Measuring
Circle. The results of FFT analysis using velocity profiles
read out along the measuring circle are illustrated in Figures
19 and 20. Maximum values emerged in which the wave
number was approximately Nw = 1, and other local

maximum values appeared between Nw = 5 and 7 for the
1D case (see Figure 19). In addition, the Fourier amplitudes
declined remarkably at over Nw = 10, and it is expected
that approximately twenty transducers will be required to
measure the flow rate accurately, considering the sampling
theorem. In the case of 5D shown in Figure 20, the maximum
values also appear approximately at Nw = 1 for both 1 and
5D due to the strong secondary flow toward the outer side of
the elbow. Employing eight transducers for accurate flow rate
metering is expected to be suﬃcient considering the Fourier
amplitudes decreasing completely over Nw = 4.
4.2.5. Flow Rate Considering the Number of Transducers.
The flow rate was calculated integrating a velocity profile
obtained along a measuring line. When using multiple
transducers, these were located on a pipe wall with a constant circumferential interval, and the velocity profiles they
obtained were used to calculate the flow rate. Additionally, to
investigate the eﬀect of circumferential transducer position φ
on the flow rate measurement error, the transducer position
was varied by 3◦ and the flow rate was calculated at the
each position. Figures 21 and 22 plot both maximum and
minimum flow rate errors at 1 and 5D versus the number of
transducers for Re = 5 × 106 .
As shown in Figure 21, these maximum and minimum
flow rate errors converged when the number of transducers
was approximately twenty. This result is consistent with the
estimated number of transducers using FFT analysis. The
converted values of flow rate errors are approximately +5 and
−6% for the near and far field, respectively. This is because
the patterns of secondary flows, as shown in Figures 13(a)
and 13(b), changed significantly depending on the distance
from the elbow and the velocity measuring points in the near
and far fields were located at diﬀerent streamwise positions.
In the case at 5D (see in Figure 22), these flow rate errors
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Figure 22: Flow rate errors versus the number of transducers (Re =
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based on the sampling theorem. To evaluate this method,
a preliminary experiment and numerical simulations using
CFD were conducted. The evaluation regions of velocity
profiles were located at 3D for the experiment, and 1 and 5D
for the simulations downstream of the elbow, respectively.
Reynolds numbers for the experiment and simulations were
set at 4 × 104 and 5 × 106 , respectively. These results indicate
the flow rate errors converge at the number of transducers
which was estimated using the wave number and sampling
theorem.
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Figure 20: Fourier amplitude of the velocity profile along the
measuring circle (Re = 5 × 106 , Ld = 5D).
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Figure 21: Flow rate errors versus the number of transducers (Re =
5 × 106 , Ld = 1D).

converged for eight transducers. This result is also consistent
with the estimated number of transducers using FFT analysis.
An accurate flow rate could be measured at 5D because
there was little change in the patterns of secondary flow in
a streamwise direction.

5. Conclusion
This paper presents a new estimation method to determine
the optimal number of transducers using UVP to measure
flow rate accurately downstream of a single elbow. The
new estimation method employs a wave number of velocity
profile fluctuations along a circle on a cross-section of a pipe
using FFT. The optimal number of transducers was estimated

Symbols
D:
r:
Vm :
VTX :

Inner pipe diameter
Radius position in a pipe
Bulk fluid velocity
Velocity component along the ultrasound beam
path
Vaxial : Velocity component in a streamwise direction
θ:
Incidence or refraction angle of ultrasound
cf :
Sound speed in fluid
f0 :
Frequency of ultrasound emitted from
transducer
Doppler shift frequency
fd :
tf :
Traveling time of the ultrasound pulse
L f : Distance from transducer to particle
Ld : Streamwise distance from the outlet plane of a
single elbow
A:
Amplitude of the ultrasound pulse
λ, μ: Lame constant
φ:
Circumferential angle
Nw : Wave number of the velocity profile in a
measuring circle.
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Subscripts
a, b, c, d: Velocity component
0 ∼ 2: Medium: 0 is water, 1 is carbon steel, and 2 is
water
l:
Longitudinal wave
s:
Shear vertical wave
i:
Incidence
t:
Transmission.
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Magnetorheological (MR) disk-type isolating dampers are the semi-active control devices that use MR fluids to produce
controllable squeezing force. In this paper, the analytical endeavor into the fluid dynamic modeling of an MR isolating damper is
reported. The velocity and pressure distribution of an MR fluid operating in an axisymmetric squeeze model are analytically solved
using a biviscosity constitutive model. Analytical solutions for the flow behavior of MR fluid flowing through the parallel channel
are obtained. The equation for the squeezing force is derived to provide the theoretical foundation for the design of the isolating
damper. The result shows that with the increase of the applied magnetic field strength, the squeezing force is increased.

1. Introduction
With the continuous construction of nuclear power plants
in China, more and more attentions are paid to safety and
reliability of the auxiliary equipments in nuclear power plant.
There is a pressing need to researching earthquake resistance
of auxiliary equipment in the nuclear power plant. The
centrifugal fan in the nuclear power plant must have good
aseismatic performance that is the important condition for
the safe operation of nuclear power plants in the earthquake.
However, there have been few reports on vibration insulator
for centrifugal fan [1, 2]. Earthquake response attenuation of
centrifugal fans can be improved by connecting them with
isolator. In this paper, we propose an isolating damper based
on magnetorheological (MR) for centrifugal fan.
MR fluids are materials of micron-sized and magnetized
particles in a carrier fluid. In the absence of an applied
magnetic field, MR fluids flow freely. The fluids exhibit
Newtonian-like behavior. Upon application of a magnetic
field, these fluids exhibit viscoplastic behavior with yield
strength [3]. Altering the strength of an applied magnetic
field will precisely control the shear yield stress of the fluid.
Based on the mechanical characteristics, the fluids can be

used in the magnetically controlled devices such as brakes
[4] and dampers [5, 6].
The MR isolating damper is one such device that provides controllable squeezing force. Altering the strength of an
applied magnetic field will change the squeezing force of the
MR isolating damper [7]. The research of MR dampers and
their applications have been done in many diﬀerent ways. In
the field of the flow model description for MR damper, Boelter and Janocha [8] analyzed the working mode (shear mode,
flow mode, squeeze mode) in MR damper. Mcmanus et al.
[9] studied the squeeze flow mode in accompany with shear
in MR damper, analyzed the damper force-velocity characteristics under diﬀerent values of magnetic field strength. For
the research of application in building structures, Motra et al.
[10] researched the response attenuation of seismically
excited adjacent buildings connected by a MR damper. P.
Y. Lin and T. K. Lin [11] introduced a bridge isolation
system that combines the rolling pendulum system (RPS)
and the MR damper. Dragasius et al. [12] researched the
resistance force generated by linear hydrocylinder-type magnetorheological fluid (MRF) damper acting in diﬀerent
regimes. It was defined that the force increases practically
linearly when increasing strength of the magnetic field and
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Figure 1: Operational principle of a circular plate MR isolating damper.

when increasing piston speed. Erkus and Johnson [13] investigated the dissipativity and performance characteristics of
the semiactive control of the base-isolated benchmark structure with MR dampers. Rajamani and Larparisudthi [14]
proposed a vibration control model for MR isolating damper.
In this paper, biviscosity model is used to describe
the constitutive characteristics of MR fluids subject to an
applied magnetic field. The operational principle of the MR
isolating damper is introduced. Analytical solutions for the
axisymmetric squeeze flow behavior of a biviscosity fluid are
obtained. The velocity equation and the location of the
unyield flow region are obtained. The expression for the
squeezing force is derived to provide the theoretical foundation for the design of the isolating damper. The result shows
that with the increase of the applied magnetic field strength,
the dynamic yield stress of the MR fluid goes up rapidly, and
the squeezing force is increased.

2. Operational Principle
The schematic configuration of the proposed circular plate
MR isolating damper is shown in Figure 1. The MR isolating
damper consists of an MR fluid, moving plate, working gap,
electromagnet coil, flux guide, and housing. The MR fluid
fills the working gap between the moving plate and housing.
The electromagnet coil in the housing provides the magnetic
field in the working gap. During relative vertical motion
between the moving plate and housing, MR fluid is squeezed
in the working gap. Thus, the pressure drop due to flow
resistance of MR fluid in the working gap is induced. The
MR isolating damper produces a controllable squeezing force
due to the yield stress of the MR fluid, if a certain level of
magnetic field is applied through the working gap.

3. Modeling and Analysis
3.1. Analysis of Flow Velocity in Working Gap. Figure 2 shows
a schematic of the axisymmetric squeeze flow model. The gap
between the disks is filled with the MR fluid. The bottom disk
is fixed, while the top disk approaches the bottom disk with a
constant velocity U. Gravity is neglected, so that the z = h/2
plane is a plane of symmetry for the flow. The force acting on
bottom disk is
F=

R
0

2πr pdr,

where, p is the pressure, R is radius of the disks.

(1)

z
U
p

3
h
h
2

ur3
z y2

2 ur2

F

z y1
1

ur1

r

0
R

Figure 2: Squeeze model of MR fluid between two parallel disks.

To circumvent the “squeeze-flow paradox” of the Bingham model [15] and to facilitate an analytical analysis, the
biviscosity constitutive model is employed in this study to
describe the behavior of the MR fluid, see in Figure 3. It is
known that the biviscosity model can provide very useful and
convenient ways for the calculation of materials’ behavior
with yield, particularly from an analytical perspective.
The constitutive equation of the biviscosity model can be
represented by the following two expressions [16]:
dur
,
dz

|τ | ≥ τ y (H),

(2a)

dur
,
dz

|τ | ≤ τ y (H),

(2b)

τ = τ0 + η
τ = η(H)

where τ is the shear stress, τ y (H) is the dynamic yield stress
developed in response to an applied magnetic field H, τ0 is
the intercept stress, η is the viscosity of the fluid when stress
is higher than the dynamic yield stress, η(H) is the viscosity
coeﬃcient subjected to a stress lower than the dynamic
yield stress, it’s a function of the magnetic field strength.
Viscosity ratio ε = η/η(H) is an important parameter for
the biviscosity constitutive model, τ0 = (1 − ε)τ y (H). Note
that when ε → 0, (2a) and (2b) are the Bingham constitutive
model, whereas when ε = 1 they are the Newtonian constitutive model.
It is evident from the constitutive equation that the biviscosity constitutive model can be divided into two regions
based on the dynamic yield stress. The MR fluid to be yielded
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Assume that z y1 and z y2 denote the position of the unyield
region boundaries measured from the bottom wall, respectively, see Figure 2. The yield surface is the locus of points
where the shear stress is equal to the yield stress (|τ | =
τ y (H)), the location of the unyield region can be determined
by satisfying the conditions such that

τ

η
τ y (H )
Yield region
Unyield region

τ0

z y1 =

h τ y (H)
−
,
2
m

(8a)

z y2 =

h τ y (H)
+
.
2
m

(8b)

η (H )

γ̇

0

Figure 3: Biviscosity model of MR fluid.

when the magnitude of the fluid’s internal stress is greater
than the yield stress τ y (H), the fluid exhibits typical Newtonian behavior. The MR fluid is unyield when the magnitude
of the fluid’s internal stress is smaller than τ y (H), the fluid
flows slowly with highly viscous.
For the disc-type squeeze flow model in Figure 2,
assuming steady state condition (∂/∂t = 0), symmetry
(∂/∂θ = 0), no tangential and axial velocity (uθ = uz = 0)
but only radial, no body force, and no pressure gradient
in thickness direction, the Navier-Stokes equation in the r
direction for the cylindrical coordinates (r, θ, z) is simplified
to
d2 u
η 2r = −m,
dz

(3)

where ur is the radial velocity, m = −d p/dr, d p/dr is the
pressure gradient in radial direction.
By integrating (3), the velocity profile can be easily
obtained as
m
ur = − z2 + A1 z + A2 ,
(4)
2η
where A1 and A2 symbolize the integral constants.
The MR fluid exhibits Newtonian behavior in the absence
of an applied magnetic field, applying boundary conditions
of ur = 0 at z = 0 and z = h, the flow velocity ur0 can be
obtained as follows:
m
ur0 = z(h − z).
(5)
2η
According to the assumptions, the momentum equation
in the r-direction is
dτzr
= −m.
dz

(6)

By integrating (6) along the thickness direction and
applying boundary condition of τzr = 0 at z = h/2, the
following equation for the shear stress can be obtained:


τzr = m



h
−z .
2

(7)

As seen in Figure 2, the flow is composed of three regions:
two yield regions (0 ≤ z ≤ z y1 , z y2 ≤ z ≤ h) contacting the
bottom and top walls and an unyield region (z y1 ≤ z ≤ z y2 ).
In yield region 0 ≤ z ≤ z y1 , the two boundary conditions
are
ur = 0
dur
=0
dz

at z = 0,

(9a)

at z = z y1 .

(9b)

Using the boundary conditions (9a) and (9b), determining the integral constant in (4), the velocity profile in yield
region 0 ≤ z ≤ z y1 can be obtained as
ur1 =

 τ y (H)
m
hz − z2 −
z,
2η
η

0 ≤ z ≤ z y1 .

(10)

In unyield region z y1 ≤ z ≤ z y2 , the two boundary conditions are
ur = ur1

at z = z y1 ,

(11a)

dur
=0
dz

h
at z = .
2

(11b)

The velocity profile in unyield region z y1 ≤ z ≤ z y2 can be
obtained by using the boundary conditions (11a) and (11b)
as
ur2 =

 τ y (H)

1 − ε
mε 
hz − z2 + m
hz y1 − z2y1 −
z y1 ,
2η
2η
η

z y1 ≤ z ≤ z y2 .
(12)
Similar to the previous analysis, by using the boundary
conditions of ur = 0 at z = h and dur /dz = 0 at z = z y2 , the
velocity profile in yield region z y2 ≤ z ≤ h can be obtained as
ur3 =

 τ y (H)
m
(h − z),
hz − z2 −
2η
η

z y2 ≤ z ≤ h.

(13)

3.2. Pressure Distribution. The pressure gradient d p/dr can
be determined by using the law of conservation of mass
D
Dt


V

ρ dV = 0,

(14)

4

Science and Technology of Nuclear Installations

where, ρ is the density of MR fluid, V is the volume of MR
fluid. Equation (14) indicates that the derivative of liquid
mass is zero
∂ρ
dV +
∂t

V

40



ρu j n j ds = 0,

S

(15)

where, s is the integral area, u j and n j denote the velocity
tensor and direction cosines.
When z y1 = h/2−τ y (H)/m ≤ 0, the MR fluid flows slowly
with highly viscous, the pressure gradient can be expressed as
d p 6η(H)r
=
U.
dr
h3

(τ y (H)) (kPa)



50

πr 2 U + 2πr

1

0

 zy

ur1 dz +

(16)

0
0

h

2

ur2 dz +

z y1

z y2

ur3 dz = 0,

where
0

 zy

2

z y1

ur1 dz =

τ y (H) 2
mh 2
m
z y1 − z3y1 −
z ,
4η
6η
2η y1

ur2 dz = 2

 h/2
z y1

ur2 dz

300

350









2τ y (H)z y1 h
−
− z y1 ,
η
2
ur3 dz =

0

150

0



h
h
1−ε
+
− z y1 − 2mz y1
− z y1 ,
mhz y1
η
2
2

1
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mhε h2
mε h3
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Figure 4: Yield strength versus magnetic field strength.

(17)
 zy

20
10

When z y1 = h/2 − τ y (H)/m > 0, the MR fluid flows with
a floating core, submitting (10), (12), (13) into (15) is
 zy

30

0

20

40
r (mm)

60

80

100

Figure 5: The pressure gradient versus radius.

Substituting (21) into (20), the force acting on the bottom
disc can be obtained as

ur1 dz.
(18)

F = −π

R
0

r 2 mdr.

(23)

So
h3 m3 + 6Urη − (1 − ε)3h2 τ y (H) m2 + 4(1 − ε)τ y3 (H) = 0.
(19)
3.3. Squeezing Force. The force acting on the bottom disc
can be obtained by integrating the pressure along the radial
direction:


F=

dF =

R
0

2πr pdr.

(20)

The subsection integral is used to get the force as
F = π pr 2

R
0

−

R
0

πr 2

dp
dr.
dr

(21)

The boundary conditions of pressure are
dp
= 0 at r = 0,
dr

p = 0 at r = R.

(22)

4. Results and Discussion
A typical MR fluid is used in this paper. Figure 4 shows
the yield strength of MR fluid under diﬀerent magnetic
field strength, measured by experiment. For the purpose of
illustration, the following parameters are given: h = 1 mm,
R = 100 mm, U = 5 m/s, η = 0.092 Pa·s, and ε = 0.001.
The relationship between the pressure gradient and the
radius with apparent yield stress value of 30 kPa is shown in
Figure 5 under the application of magnetic field strength of
100 kAmp/m by solving (16) and (19). The absolute value
of the pressure gradient increases with the radius in linear,
approximately.
When the strength of magnetic field is 100 kAmp/m, the
yield surface determined by (8a) and (8b) with apparent yield
stress value of 30 kPa along the radial direction is shown in
Figure 6. When r ≤ 17.7 mm, the MR fluid is unyield totally,
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Figure 6: The yield surface along the radial direction.
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Figure 8: Squeezing force versus magnetic field strength.

The flow behaviors of MR fluid in circular plate MR isolating
damper are investigated theoretically in this paper. The
equations for the velocity and the squeezing force are derived
to provide the theoretical foundation for the design of the
MR isolating damper. The unyield region of MR fluid tends
to move toward the symmetry plane of working gap as the
radius increases. With the increase of the applied magnetic
field strength, the squeezing force increased.
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flowing slowly with highly viscous. When r > 17.7 mm, the
MR fluid is yielded partially. The location of yield surface
tends to move toward the symmetry plane of working gap
as the radius increases.
The velocity profiles can be obtained by (10), (12), and
(13) with apparent yield stress value of 30 kPa, shown in
Figure 7. The velocity profiles for the squeeze flow of MR
fluid appear to be parabolic curves with respect to z, and their
curvature tends to decrease with radius, the unyield region
decreases accordingly.
The squeezing force versus magnetic field strength is
shown in Figure 8. In the absence of an applied magnetic
field, the force is 216 kN. The forces are 250 kN, 278 kN,
and 302 kN at the strength of magnetic field of 50 kAmp/m,
100 kAmp/m, and 200 kAmp/m, respectively. The results
indicate that with the increase of the velocity and the applied
magnetic field, the squeezing force is increased.
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The running eﬃciency of centrifugal fan aﬀects the economical eﬃciency of the ventilation system. In this paper, we proposed
a continuously variable transmission system based on magnetorheological fluid and shape memory alloy for improving the
operating eﬃciency of the centrifugal fan. The equation of transmission torque developed by magnetorheological fluid is derived to
compute the torque transmission ability in the continuously variable transmission system. A shape memory alloy spring actuator
is designed to control the electric current in coil assembly. The results indicate that the change of temperatures has a tremendous
influence on the electric current in coil assembly, the transmission torque of the continuously variable transmission system changes
rapidly according to the temperatures acting on shape memory alloy spring actuator, and the output angular velocity of the
centrifugal fan can be adjusted continuously.

1. Introduction
As an important component of ventilation system in nuclear
power plant, the centrifugal fan plays an important role to
ensure that the ventilation system is running reliably. The
running eﬃciency of centrifugal fan aﬀects the economical
eﬃciency of the ventilation system. In a ventilation system,
the flow rate or pressure should be timely changed according
to the working conditions, so centrifugal fan should correspondingly adjust its velocity for improving the operating
eﬃciency of the centrifugal fan. In order to solve the problem
of traditional fan-driver which cannot export consecutive
velocity, a magnetorheological (MR) continuously variable
transmission system which is driven by shape memory alloy
(SMA) is provided in this paper.
MR fluids and SMAs are known as smart materials for
their properties can change rapidly on diﬀerent external
conditions. The yield stress of MR fluids changes rapidly and
reversibly when an external magnetic field is applied [1–3].

MR fluids are useful for the eﬃcient control of the torques
and forces transmission; they can be used in clutches [4–8],
brakes [9, 10], shock absorbers [11, 12], valves [13], and so
on. SMAs may undergo mechanical shape changes at relatively low temperatures and retain them until heated, then
coming back to the initial shape [14, 15]. This makes SMAs
unique compared to other smart materials that can be used
for actuator applications [16–18].
An MR continuously variable transmission system transmits torque by the shear stress of the MR fluids from the
driving shaft to driven shell. The MR continuously variable
transmission system has the property that its transmitting
torque changes quickly in response to an external magnetic
field. Huang et al. [19] proposed the possibility of application
of the MR fluids to variable speed transmission. Jiang et al.
[20] gave a new type of self-pressurized structure of magnetorheological fluids continuously variable transmission
(MRFCVT) with V-shape working gap. Ma et al. [21] derived
the necessary working gap and the volume of MR fluid for
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the MR fan clutch based on MR fluid properties, the desired
control torque ratio, the angular velocity, and load torque of
the clutch.
In this paper, Herschel-Bulkley model is used to describe
the constitutive characteristics of MR fluids subject to an
applied magnetic field. The operational model of the continuously variable transmission system is established to derive
the formula for the torque transmitted by MR fluids. A
sliding mode SMA actuator is proposed to modify the
magnetic field acting on working gap under thermal eﬀect.
The properties of the MR continuously variable transmission
system are studied in detail to provide an eﬀective approach
for improving the operating eﬃciency of the centrifugal fan.
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2. Operational Principle
The MR continuously variable transmission system relies
on MR fluid as a transmission medium to transmit torque.
The operational principle of the MR continuously variable
transmission system which is driven by SMA is shown in
Figure 1. Transmission shaft and driving disc are initiative
members, and shell is a driven one. The initiative members
rotate at definite velocity, ω1 . The MR fluid fills the working
gap between the driving disc and shell. The shell is joined to
centrifugal fan. In the absence of magnetic field, MR fluid
keeps flowing, so its transmission torque is only a very small
viscous torque. However, a magnetic flux path is formed
when electric current is put through the excitation coil. As
a result, the magnetic particles in MR fluid are gathered to
form chain-like structures, in the direction of the magnetic
flux path. These chain-like structures restrict the motion of
the MR fluid, thereby increasing the shear stress of the fluid.
When the shear stress is large enough, initiative and driven
members can finish a synchronous rotation.
Yield strength of MR fluid is a function of magnetic field
strength [1], thus by changing magnetic field strength, the
shear stress of MR fluid can be adjusted. So the transmitted
torque of the MR continuously variable transmission system
and the output rotate speed of driven shell can be modulated
by varying the current in coil. The current in coil can be
modulated by a sliding mode SMA actuator which alters
the sliding distance according to the temperature acting on
SMA spring, shown in Figure 2. The SMA helical spring
works against a conventional steel spring (referred here as
the “biasing” spring). At low temperatures, the steel spring is
able to completely deflect the SMA spring to its compressed
length. When increasing the temperature of the SMA spring,
it expands, compressing the steel spring and moving the push
rod.

3. Properties of SMA and MR Fluid
The most commonly used SMA elements for actuators are
helical springs, for this form produces a large displacement.
The force that a spring of any material produces at a given
deflection depends linearly on the shear modulus of the
material. SMAs exhibit a large temperature dependence on

h

Driving disc

Figure 1: Operational principle of the MR continuously variable
transmission system.

SMA spring

Steel spring

Push rod

Figure 2: Operational principle of the SMA actuator.

the material shear modulus. The relationship between shear
modulus and temperature for SMAs is given by
⎧
⎪
⎪
⎨ GM

G = ⎪G(T)
⎪
⎩G
A

when T < M f , T < As
when M f ≤ T ≤ A f
when T > A f , T > Ms ,

(1)

where G is the shear modulus of SMA, T is temperature,
Ms , M f , As , and A f are the start and finish transformation
temperatures of martensite and austenite, respectively, GM
and GA are the shear modulus of martensite and austenite,
respectively. When M f ≤ T ≤ A f , in absence of stress, shear
modulus of SMA can be expressed approximately as:
G(T) = GM +


GA − GM 
1 + sin φ(T − Tm ) .
2

(2)

In the process of heating, Tm = (As +A f )/2, φ = π/(A f −
As ); in the process of cooling, Tm = (Ms + M f )/2, φ =
π/(Ms − M f ).
MR fluids exhibit a controllable yield stress-like behavior
in shear, whereby the application of a magnetic field
transverse to the flow creates a resistance to flow which
increases with an increasing magnetic field. To accommodate
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the shearing thinning observed in MR fluids, the HerschelBulkley model [22] can be used to describe the flow behavior
of MR fluid:
 m

τ2 = τ y (H) + K γ̇2  sgn γ̇2
γ̇2 = 0

τ2 ≥ τ y (H)

τ2 < τ y (H),

Here, the axial load is F, D is the average diameter of the
spring, d represents the wire diameter, C is the spring index,
C = D/d, and κ is known as the Wahl correction factor
applied:
(5)

The relationship between compressed length δ and shear
strain γ1 for SMA spring is given by
nπD2
γ1 ,
d

(6)

where n is the number of turns in the spring.
The wire diameter for the actuator can be obtained from
(4) for acceptable values of C ranging from 3 to 12:
d=

8FC
κ
.
πτ1

(7)

The number of turns in the spring can be obtained from
(6):
n=

Δδd
,
πΔγ1 D2

(8)

where Δδ represents the stroke of the actuator, and Δγ1 is the
strain diﬀerence at high and low temperatures:
Δγ1 = γL − γH .

z

dr
R3

R1
0

Driven disc

F − FL
F(T) = FL + H
S(T),
Δδ

θ

0

ω2

ω1

ωr

R1

Driving disc

(9)

Figure 3: Circular flow mode of MR fluid between the two paralleled discs.

where F(T), δ(T), and G(T) are the axial load, compressed
length, and shear modulus of SMA spring at temperature T,
respectively, FL , δL , and GL are the axial load, compressed
length, and shear modulus of SMA spring at low temperature, respectively, FH is the axial load at high temperature,
and S(T) is the output displacement of SMA spring actuator:
S(T) = δL − δ(T).

(11)

The output displacement of SMA spring actuator can be
obtained from (1), (2), (6), (10), and (11):
S(T) =

(G(T) − GL )ΔδFL γL
.
2
(d/nπD )G(T)ΔδFL + (FH − FL )GL γL

(12)

5. Analysis of Transmission Torque
Figure 3 shows the flow behavior of MR fluid in the working
gap between driving disc and shell. In order to determine
the fluid flow between driving disc and shell, the following
assumptions are given: the fluid is incompressible. There
is no flow in radial direction and axial direction, but only
tangential flow. The flow velocity of MR fluid is a function of
radius. The pressure in the thickness direction of MR fluid
is constant. The strength of magnetic field in the gap of the
activation region is well distributed.
The angular velocity of MR fluid in the working gap can
be obtained as follows.
At the range of 0 ≤ z ≤ h, R1 ≤ r ≤ R2 :

For SMA spring actuator in Figure 2, the axial load F has
the relationship with the compressed length of SMA spring δ
as below:
FL
F(T)
=
,
δ(T)G(T) δL GL

r

L

The scheme of the proposed actuator with aSMA spring and
conventional steel against-spring is illustrated in Figure 2,
where at low temperature the SMA spring will be compressed
and when heated will extend with a pushing actuation.
The expression for shear stress in aSMA spring is described as
8FD
8FC
(4)
τ1 = κ 3 = κ 2 .
πd
πd

δ=

R2
R2

MR fluid

4. Analysis of SMA Spring Actuator

4C − 1 0.615
+
.
4C − 4
C

r

R3

(3)

where τ2 is the total shear stress of MR fluid, τ y (H) is the
yield strength caused by the applied magnetic field, γ̇2 is
the shear rate of MR fluid, and m, K are constants. In the
Herschel-Bulkley model, the constants m, K and the function
τ y (H) are empirically determined from experiments.

κ=

h

ωr = ω1 +

(ω2 − ω1 )z
.
h

(13a)

At the range of R2 < r ≤ R3 :
(10)
ωr =

R23 R22
R23 − R22







R23 − r 2
r 2 − R22
ω1 +
ω2 .
2 2
R3 r
r 2 R22

(13b)
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The fluid shear strain rate in (3) may be approximated

40

by:

35
30

R1 ≤ r ≤ R2

γ̇2 = ⎪ dω
r
⎪
⎪
⎪
⎩r dr

(14)
R2 ≤ r ≤ R3 .

Taking a microunit at distance r location in a circle,
microshear torque of the unit imposed on disc is as follows:
dJ = dF · r = (τ2 · dS) · r.

Yield stress (kPa)

⎧
dωr
⎪
⎪
⎪
⎪
⎨−r dz

25
20
15
10
5

(15)

0
0

The total transmission torque is:


J=

r

dJ.

(16)

m 

πL
(R2 + R3 )2
2

ω1 − ω2
h

20
18
16

m

1−m

.
(17)

14
S(T) (mm)

(ω − ω )R2 R2
+ K 4πL 1 2 2 2 2 3
R3 − R2



300

Figure 4: Yield stress versus magnetic field strength.

Apply the boundary conditions of the continuously variable transmission system: ωr = ω1 , at z = 0 and R1 ≤ r ≤
R2 ; ωr = ω2 , at z = h and R1 ≤ r ≤ R2 ; ωr = ω1 , at r =
R2 ; ωr = ω2 , at r = R3 . The transmission torque could be
achieved from (13a) , (13b) , (14), (15), and (16):
2π 3
2πK m+3
J=
R − R31 τ y (H) +
R
− Rm+3
1
3 2
m+3 2

100
200
Magnetic field strength (kAmp/m)

12
10
8
6

6. Computational Results and Discussions
Figure 4 shows the relation, obtained from the experiment,
between the dynamic yield stress and the magnetic field
strength for a typical MR fluid. From the figure we can find
that the dynamic yield stress is proportional to the square
of the magnetic field strength. MR fluid exhibits dynamic
yield stresses of 0∼30 kPa for the applied magnetic field
strength of 0∼175 kAmp/m. The ultimate strength of MR
fluid is limited by magnetic saturation. The result shows that,
with the increase of the applied magnetic field strength, the
dynamic yield stress goes up rapidly.
According to (12) and (2), the eﬀect of temperature
in output displacement of SMA spring actuator can be
analyzed, show as in Figure 5. In this study, Ti-49.8 at.
% Ni SMA wire is used, its start and finish temperatures
of the martensitic and austenitic phase transformation are
Ms = 78◦ C, M f = 50◦ C, As = 74◦ C, and A f = 95◦ C, respectively. The shear moduli of martensite and austenite are
GM = 7.5 GPa and GA = 25 GPa, respectively. The axial loads
of SMA spring at low and high temperatures are FL = 15 N
and FH = 40 N, respectively. The stroke of the actuator is
Δδ = 20 mm. Assume that the low temperature shear strain
is γL = 1.5% and the value of spring index is C = 7. The
wire diameter of SMA spring for the actuator which can be
obtained from (7) is d = 1.7 mm, the number of turns which
can be obtained from (8) is n = 25. As shown in Figure 5,
the output displacement of SMA spring actuator increases
with the increasing of temperature that can be controlled by
temperature.

4
2
0
75

80

85
T (◦ C)

90

95

Figure 5: The output displacement versus temperature.

According to (17), the eﬀect of magnetic field strength
in transmission torque of the MR continuously variable
transmission system is analyzed, as shown in Figure 6.
The viscosity of the typical MR fluid is 0.042 Pa·s. The
transmission torque is mainly produced by yield stress
of MRF and viscosity torque is very small, so it can be
assumed that m = 1, K = 0.042 Pa.s in the Herschel-Bulkley
model. Geometric parameters of the continuously variable
transmission system are inner radius R1 = 60 mm, outer
radius R2 = 120 mm, R3 = 122 mm, working gap h =
1 mm, L = 4 mm. The maximum input angular velocity is
ω1 max = 233 rad/s. The transmission torques are 72.5 N·m,
130.4 N·m, 173.1 N·m, and 212.8 N·m at the magnetic field
strength of 50 kAmp/m, 100 kAmp/m, 150 kAmp/m, and
200 kAmp/m, respectively. The results indicate that with the
increase of magnetic field strength the transmission torque is
increased.
The output angular velocity versus various temperatures
is shown in Figure 7. It is assumed that the torque of lord
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5
velocity of the transmission system versus temperatures is
analyzed. With the increase of the applied magnetic field
strength, the transmission torque of the continuously variable transmission system is increased. The output displacement of SMA spring actuator is controlled by temperature.
The output angular velocity of the transmission system
increases with the increasing of temperature acting on SMA
actuator, rapidly and adaptively.
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Figure 6: Transmission torque under diﬀerent magnetic field
strength.
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Figure 7: The output angular velocity versus temperature.

can be calculated from the empirical formula as (JL = 5.5) ×
(10−5 ) × (30ω2 /π)2 approximately, the current in excitation
coil increases by 0.1A as push rod of SMA actuator goes
ahead 1 mm, and magnetic field strength produced by excitation coil increases 10 kAmp/m. The result shows that with
the increase of the temperature, the output angular velocity
is increased.

7. Conclusions
The design method of an MR continuously variable transmission system driven by SMA is investigated theoretically in
this paper. The equation of transmission torque developed
by the MR fluid is derived. The transmission torque of the
continuously variable transmission system under diﬀerent
magnetic field strength is analyzed. An SMA spring actuator
is designed to control the transmission torque of the continuously variable transmission system. The output angular

This work was supported by project 51175532 supported by
the National Natural Science Foundation of China and key
Project 2011BA4028 supported by Natural Science Foundation Project of CQ CSTC.
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Centrifugal fan is an important component of a ventilation system in a nuclear power plant. In this paper, we proposed a
magnetorheological speed-adjustment system controlled by shape-memory alloy for centrifugal fan. A theoretical analysis of the
eﬀect of the applied magnetic field on the viscoplastic flow between two cylinders in the speed-adjustment system is presented. The
expressions for the velocity in viscoplastic flow and the torque transmitted by MR fluids are derived. A sliding mode SMA switch
is proposed to modify the magnetic field acting on working gap under thermal eﬀect. The results indicate that with the increases
of applied magnetic field, the torque transmitted by MR fluid goes up rapidly.

1. Introduction
Centrifugal fans are widely used for transporting air in a
ventilation system in a nuclear power plant. For diﬀerent
operation conditions of ventilating system, the rotational
velocity of centrifugal fan needs to be adjusted to improve
the operating eﬃciency of a ventilating system. In this
paper, we propose a speed-adjustment system based on
magnetorheological (MR) fluid and shape-memory alloy
(SMA) for centrifugal fan.
MR fluids are the suspension of micron-sized, magnetizable particles in a carrier fluid. When exposed to a
magnetic field, the rheological characteristics of MR fluids
reversibly and instantaneously change from a free-flowing
liquid to a semisolid with controllable yield strength. Altering
the strength of the applied magnetic field precisely and
proportionally controls the consistency or yield strength of
the fluids [1, 2]. Based on the mechanical characteristics,
the fluids can be used in the controllable, energy-dissipating
applications such as dampers [3, 4], valves [5, 6], and variable
transmission devices [7–9].
An MR variable transmission device transmits torque
by the shear stress of the MR fluids from the driving shaft
to driven shell. The MR variable transmission device has
the property that its transmitting torque changes quickly in
response to an external magnetic field. A literature review

indicates that the variable transmission devices that use MR
fluids can be classified as having either disc type or cylindrical
type [10]. In the disc type, the MR fluid within the activation
region between two parallel circular plates is a circular plate.
In the cylindrical type, the activated MR fluid between two
concentric cylinders is an annular cylinder.
In order to rationally design the MR variable transmission devices, a designer should analyze the torque
transmission ability. In this paper, Bingham model is used to
describe the constitutive characteristics of MR fluids subject
to an applied magnetic field. The operational model of the
cylindrical type variable transmission device is established to
derive the formula for the torque transmitted by MR fluids.

2. Properties of MRF and SMA
MR fluids can change their rheological characteristics by
applying magnetic field. In the absence of an applied
magnetic field, MR fluids exhibit a Newtonian-like behavior.
However, upon application of a magnetic flied, the behavior
of the controllable fluid is often represented as a Bingham
fluid having a variable yield strength. In this model, the flow
is governed by Bingham’s equation [11]
τ = τ y (H) + ηγ̇

at τ ≥ τ y (H),

γ̇ = 0 at τ ≤ τ y (H),

(1a)
(1b)
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where τ is the shear stress of fluid, τ y (H) is the yield stress in
response to an applied magnetic field H, η is the viscosity of
MR fluid with no applied magnetic field, and γ̇ is the shear
rate. Equations (1a) and (1b) indicate that for the shear stress
exceeds the yield stress an MR material flows as a Newtonian
fluid with a viscosity [12]. Otherwise it remains viscoelastic
property. The yield stress τ y (H) has a relationship with H
approximately as [13]
τ y (H) = KH β ,

Magnetic flux

Driving cylinder

Coil assembly

Driven cylinder
R2
R1
ω2
z

(2)

where K and β (1 < β < 2) are constants that determined by
experiment.
SMAs are widely used as actuator materials [14, 15].
The thermoelastic martensite transformation of SMA can be
expressed with one-dimensional constitutive equation [16]
˙
σ̇ = Eε̇ + θ Ṫ + Ωζ,

r

MR fluid

(3)

where σ and ε are SMA’s stress and strain, respectively, T is
the temperature, ζ is the martensite volume fraction (0 ≤ ζ ≤
1), E is the elastic modulus, θ is the elasticity coeﬃcient for
the heat, and Ω is the coeﬃcient of phase change.

0

Bearing
SMA switch
Working gap
le1

l

le2

Wire

Figure 1: Schematic of a cylindrical MR variable transmission.

3. Operational Principle
The schematic of the cylindrical-type MR variable transmission is shown as Figure 1. The MR fluid is filled with the
working gap between two concentric cylinders in the variable
transmission. The MR variable transmission device depends
on the shear stress of the MR fluid to transmits torque. In
the absence of an applied magnetic field, MR fluids flow
freely and exhibit Newtonian-like fluid behavior. The torque
transmitted by the viscous stress of the MR fluid in the
variable transmission is much smaller so that the suspended
particles of the MR fluid cannot restrict the relative motion
between the driving-cylinder and the driven-cylinder of the
variable transmission. The variable transmission is in the
state of separation. However, in the course of operation, a
magnetic flux path is formed when electric current is put
through the coil assembly. As a result, the MR particles are
gathered to form chainlike structures, in the direction of
the magnetic flux path. These chainlike structures increase
the shear stress of the MR fluid. With the increase of the
applied magnetic field, the shear stress developed by the
MR fluid goes up rapidly. When the shear stress is large
enough, the torque transmitted by the shear stress can join
the driving cylinder with the driven cylinder. The amount
of torque can be adjusted continuously by changing the
input current. The current in coil can be modulated by a
sliding mode SMA switch which alters the sliding distance
under thermal eﬀect, shown in Figure 2. The resistance of
the circuit can be altering by using the sliding mode SMA
switch under diﬀerent temperature. The SMA helical spring
working against a conventional steel spring (referred here as
the “biasing” spring). At low temperatures, the steel spring is
able to completely deflect the SMA spring to its compressed
length. When increasing the temperature of the SMA spring,
it expands, compressing the steel spring and moving the push
rod.

ω1

Driving shift

SMA spring Steel spring

Push rod

Figure 2: Operational principle of the SMA switch.

4. Mathematic Model
The output displacement of SMA switch can be expressed as
follows [17]
S(T) =

(E(T) − EL )γL
,
− FL )/Δδ)(EL /FL )γL

(d/nπD2 )E(T) + ((FH

(4)

where S(T) is the output displacement of SMA spring, d
represents the wire diameter, D is the average diameter of the
spring, n is the number of turns in the spring, and FL , EL , and
γL are the axial load, shear modulus of SMA spring, and the
strain at low temperature (in martensitic phase), respectively.
FH is the axial load at high temperature, (FH − FL )/Δδ
represents the spring constant of the conventional steel
spring. E(T) is the shear modulus of SMA at temperature T.
In absence of stress, shear modulus of SMA can be expressed
as (5) approximately:
E(T) = EM +


EA − EM 
1 + sin φ(T − Tm ) ,
2

(5)

when M f ≤ T ≤ A f ,
where EM and EA are the shear modulus of martensite and
austenite, respectively, in the process of heating, Tm = (As +
A f )/2, φ = π/(A f − As ); in the process of cooling, Tm =
(Ms + M f )/2, φ = π/(Ms − M f ), Ms , M f , As , and A f are the
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3
in tangential can be derived from diﬀerential element of the
fluid as follows:

Driven cylinder



MR fluid

dr

ω2



σθθ +


r

R1

ωr
ω1

∂σθθ
dθ
dθ
− σθθ dr dl cos
dθ dr dl cos
∂θ
2
2


+ τθr +

θ



0

∂τθr
dθ
dθ
dθ dr dl sin
+ τθr dr dl sin
∂θ
2
2


+ τrθ +

R2

∂τrθ
dr (r + dr)dθ dl − τrθ rdθ dl = 0,
∂r

where, σθθ is the compressive stress in the θ-direction, τθr
and τrθ are the shear stress. According to the assumptions
and ignore the parts of high-order, (7) can be simplified
approximately as follows:

Driving cylinder

Figure 3: Circular flow of MR fluid between two cylinders.

dτrθ 2τrθ
= 0.
+
dr
r

y

∂σ
σθθ + θθ dθ
∂θ
∂τ
τθr + θr dθ
∂θ
τrθ
σrr

σrr +

∂σrr
dr
∂r
τrθ +

dr

Integrating the momentum equation (8), shear stress can be
indicated as follows:
c
τ = 12 ,
(9)
r

∂τrθ
dr
∂r

τθr
σθθ

where c1 is the integrating constant. The boundary conditions are
ωr = ω1

dθ

x

0

at r = R1 ,

τ1 =

Figure 4: Stress analysis of diﬀerential element.

start and finish transformation temperatures of martensite
and austenite, respectively.
The diagram of the operational mode of a cylindricaltype MR variable transmission is shown in Figure 3. In order
to analyze the rheological behavior of MR fluids flow in
the gap between two concentric cylinders in the cylindricaltype variable transmission, the following assumptions are
given: the fluid is incompressible. There is no flow in
radial direction and axial direction, but only tangential flow.
The flow velocity of MR fluid is a function of radius.
The pressure in the thickness direction of MR fluid is a
constant. The strength of magnetic field in the working gap
of the activation region is well distributed. In cylindrical
coordinates (r, θ, z), the distribution of the flow velocity is
vz = 0,

ωr = ω2

at r = R2 ,

(10)

where R1 and R2 are the radius of the inner and the outer
cylinder, respectively. At two surfaces of R1 and R2 , the shear
stresses are, respectively:

θ

vr = 0,

(8)

5. Transmission Analysis

r

vθ = rω(r),

(7)

(6)

where vθ , vr , and vz are the flow velocity of the fluid in the
θ-direction, r-direction, and z-direction, respectively. ω(r) is
the rotation angular velocity of the fluid in the θ-direction.
The angular velocity ω(r) is the function of r-coordinate.
As shown in Figure 4, for the tangential shear flow of MR
fluid between two cylinders, the force equilibrium equation

c1
,
R21

τ2 =

c1
.
R22

(11)

The surface at τ y (H) = c1 /R2y , is defined as yield surface.
R y is the radius of the cylindrical fluid at the yield surface.
The field at τ > τ y (H) is yield, and the field at τ < τ y (H) is
nonyield. At τ1 > τ y (H) > τ2 , the fluid of the field between R1
and R y is viscous flow. Because the rotating speed decreases
with the increases of the radius r, the shear rate γ̇ in above
equations (1a) and (1b) can be calculated by the following:
γ̇ = −r

dωr
,
dr

(12)

where dωr /dr is the rotating speed gradient in r-direction.
Applying boundary conditions as ωr = ω1 at r = R1 ,
dωr /dr = 0 at r = R y , the rotational speed can be obtained
by (1a), (1b), (8), and (12) as follows:
ωr =

R21 R2y
R2y − R21



R2y − r 2
R2y r 2




r 2 − R21
+
r 2 R21
+

τ y (H)
ln r.
η

ω1 −


τ y (H)
ln R1
η



τ y (H)
ω2 −
ln R y
η



(13)
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The fluid of the field between R y and R2 is rotated by ω2
as a solid. The radius at the yield surface can be calculated by
the following:
TL
,
2πτ y (H)

(14)

where TL is the loading torque when MR fluid is nonyield,
2πτ y (H)R21 ≤ TL ≤ 2πτ y (H)R22 .
According to the above discussion, the flow has the
following two particular conditions.

40
τ y (H) (kPa)

Ry =

50

R22 − r 2
R22 r 2





r 2 − R21
+
r 2 R21
+

τ y (H)
ω1 −
ln R1
η





100

150
200
H (kAmp/m)

250

300

40
35
30

(15)
(2) At τ < τ y (H), the fluid within the gap between
two cylinders is non-sipping. The rotational speed
becomes
(16)

The torque transmitted by the MR fluid can be calculated
by the following:

25
20
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10
5
0
70

75

80

85
T (◦ C)

90

95

100

Figure 6: The output displacement versus temperature for SMA
switch.

(17)

where T is the torque transmitted by the MR fluid, L is the
width of the working gap. In order to obtain the transmission
torque, assuming that the MR fluid in working gap is yielded.
Equations (1a), (1b), (12), (13), and (17) can be manipulated
mathematically to yield:
T=

50

Figure 5: Yield stress versus magnetic field strength.

τ y (H)
ln r.
η

T = 2πr 2 Lτ,

0



τ y (H)
ω2 −
ln R2
η

ωr = ω1 = ω2 .

0

S(T) (mm)



20

10

(1) At τ > τ y (H), the fluid within the gap between
two cylinders is viscous flow. The rotational speed
becomes
R2 R2
ωr = 2 1 2 2
R2 − R1

30

4πLe R21 R22 ln(R2 /R1 )
4πLR21 R22 (ω1 − ω2 )
τ y (H) +
η,
2
2
R2 − R1
R22 − R21
(18)

where Le is the eﬀective width of the MR eﬀect developed by
the MR fluid.

6. Computational Results and Discussions
For this example, we using a typical MR fluid. Figure 5
shows the relation, obtained from the experiment, between
the dynamic yield stress and the magnetic field strength for
a typical MR fluid. From the figure we can find that the
dynamic yield stress is proportional to the square of the
magnetic field strength. MR fluid exhibits dynamic yield
stresses of 0∼48 kPa for the applied magnetic field strength of
0∼275 kAmp/m. The ultimate strength of MR fluid is limited

by magnetic saturation. The result shows that with the
increase of the applied magnetic field strength, the dynamic
yield stress goes up rapidly.
The eﬀect of temperature in output displacement of SMA
spring is shown in Figure 6. In this study, Ti-49.8 at.% Ni
SMA wire is used, its start and finish temperatures of the
martensitic and austenitic phase transformation are Ms =
78◦ C, M f = 50◦ C, As = 74◦ C and A f = 95◦ C, respectively.
The shear modulus of martensite and austenite are GM =
7.5 GPa and GA = 25 GPa, respectively. Assume that the low
temperature shear strain is γL = 1.5%, the wire diameter of
SMA spring is d = 3 mm, the average diameter of the spring
is D = 13 mm, the number of turns is n = 20. As shown
in Figure 5, the output displacement of SMA spring actuator
increase with the increasing of temperature.
Figure 7 shows the relationship between the transmission
torque with the gap size h and inner radius R1 for typical
MR fluid in an applied magnetic field of 200 kAmp/m. In
this calculation, assume the following parameters are given:
η = 0.092 Pa·s, L = 100 mm, Le = 50 mm, ω1 = 200 rad/s,
ω2 = 20 rad/s, h = R2 − R1 . The results indicate that with
the increase of the inner radius, the transmission torque
developed by MR fluid goes up rapidly.
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Figure 7: The transmission torque versus gap size h and inner
radius R1 .
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Figure 9: Torque versus magnetic field strength H and rotative
speed diﬀerence q.

150 kAmp/m, respectively, as the rotative speed diﬀerence
q = 200 rad/s. When MR fluid is saturated at the strength
of magnetic field of 200 kAmp/m, the torque is 117.37 N·m.
This torque is 27 times as much as the torque at zero
magnetic field. The results indicate that with the increase
of the applied magnetic field, the torque developed by MR
clutch goes up rapidly.
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Figure 8: Torque versus breadth-diameter ratio l and inner radius
R1 .

Figure 8 shows the relationship between the transmission
torque with the breadth-diameter ratio l and inner radius
R1 for typical MR fluid in an applied magnetic field of
200 kAmp/m. In this calculation, assume the following
parameters are given: η = 0.092 Pa·s, ω1 = 200 rad/s, ω2 =
20 rad/s, h = 1 mm, l = L/D1 , D1 = 2R1 , Le = (1/4)L.
The results indicate that with the increase of the breadthdiameter ratio, the transmission torque developed by MR
fluid goes up rapidly.
Figure 9 shows the torque transmission ability at MR
materials. The calculating parameters are: η = 0.092 Pa·s,
R1 = 90 mm, R2 = 91 mm, L = 100 mm, Le = 50 mm, q =
ω1 − ω2 . In the absence of an applied magnetic field, the
torque developed by the viscosity of MR fluids is 4.31 N·m
when q = 200 rad/s. When the magnetic field is applied,
the torques are 46.25 N·m, 81.73 N·m and 106.95 N·m at the
strength of magnetic field of 50 kAmp/m, 100 kAmp/m and

An MR cylindrical-type variable transmission device
depends on the shear stress of the MR fluid to transmits
torque from the driving-shaft to driven-shell. The shear
stress of MR fluid is increased with the increase of applied
magnetic field strength. The applied magnetic field strength
can be adjusted continuously by changing the output
displacement of the sliding mode SMA switch under thermal
eﬀect. The transmission torque of MR fluid in the MR
cylindrical-type variable transmission device is deeply
influenced by magnetic field strength, breadth-diameter
ratio l, inner radius R1 and so on. After the structure is
confirmed, The torque developed by MR fluid is increased
rapidly with the increase of applied magnetic field strength.
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Economic constraints are driving the electric power industry to seek improved methods for monitoring, control, and diagnostics.
To increase plant availability, various techniques have been implemented in industry to assess equipment condition to prevent
system inoperability. The availability of a large number of measured signals and additional component information and the
increasing number of signal processing options to analyze sampled data motivate the assimilation of such diverse information
into a plantwide condition monitor. The use of fuzzy logic is described herein for the purpose of performing the decision making
regarding the system status and the possible need for component maintenance. Fuzzy-logic-based diagnostic monitoring is applied
to data acquired from instrumentation within operating facilities.

1. Introduction
Competition due to the deregulation of the electric power
industry has provided additional motivation for power plant
owners to implement predictive maintenance (PM) programs. Equipment health monitoring is known by a variety
of related endeavors including condition-based and reliability-centered maintenance. To accomplish the PM without
interrupting equipment operation necessitates the use of
online monitoring tools for signature analysis. Those signatures, in turn, must be scrutinized to ascertain whether the
system or component is trending toward a failure condition.
The originating signals are often the result of stochastic
(random) processes.
Figure 1 illustrates three basic approaches to equipment
maintenance. Corrective (or reactive) maintenance is taken
only after the component has failed. To avert breakdown,
preventive approaches involve anticipatory actions based on
a schedule or prediction. Scheduled maintenance, which may
involve inspections and/or preemptive replacements, can be
performed on either calendar or equipment use bases. Predictive maintenance is initiated because of a detected onset of
equipment malfunction or failure. Reliability-centered maintenance incorporates all three approaches while considering

the importance of the equipment to the facility mission and
is generally based upon failure modes and eﬀects analysis.
The capability to detect faults and to replace the components just prior to failure is desired by industry. By doing
so, the consequences of unexpected equipment failures can
be avoided. Online component monitoring can yield higher
availability, extended life, and reduced costs. Incipient failure
detection serves not only to avoid catastrophic failure, but
also to assist in planning corrective actions (i.e., preventive
maintenance). Incipient failure detection has the ability to
assist in achieving condition-based maintenance objectives.
Many fault detection and isolation (FDI) techniques have
been developed over the years. The approach presented in
this paper seeks to build upon proven FDI methods for sensor validation. Whereas the vast majority of research focuses
on a specific diagnostic approach, this work seeks a means
by which the diverse diagnostic information provided by
multiple techniques may be integrated—fuzzy logic is chosen
as the agent to achieve this data fusion.
This paper begins with a brief survey of the applications
of fuzzy logic to diagnostics and power plants. The next
section then describes the philosophy behind the fuzzy
logic diagnostic monitoring (FLDM). This is followed by
a description of how the FLDM can be implemented for
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Maintenance programs
>55%
Reactive/corrective
(repair upon failure)

Preventive
31%
Scheduled
(time driven)

12%
Predictive
(condition driven)

Figure 1: Equipment maintenance approaches. The percentages
represent the categorization of maintenance program in the USA
and are taken from [8] based on a survey in 2000.

condition monitoring. Analysis results from applying the
fuzzy logic health monitoring to data acquired from nuclear
reactor systems are presented in conjunction with the
methodology description.

2. Applications of Fuzzy Logic
A popular application of fuzzy logic (FL) has been in the
area of control. Implementations of fuzzy control in electrical
power stations include solar thermal power plants [1,
2], nuclear unit steam generator level control [3–5], and
groundwater pumping at a coal-fired unit [6]. As an example
bridging control and diagnostics, Holmes and Ray studied
control system development for a fossil power plant in
which a fuzzy-logic-based controller was tasked with making
judgments between system dynamic performance versus
structural durability in critical components [7].
As this paper is focused on power plant diagnostics, the
remainder of this section briefly surveys some of the fuzzy
logic applications in these domains. Choi et al. developed
an online fuzzy expert system to provide the operator with
uncluttered alarm displays and systemwide failure information during anomalous conditions and carry out alarm
prognosis to warn the operator of process abnormalities in
nuclear power plants [9]. Holbert et al. applied fuzzy logic
to intrusion detection in supervisory control and data
acquisition (SCADA) systems [10]. Pareek and Kar presented
a successful demonstration of the application of a type
2 fuzzy logic system to predict the compressor discharge
pressure of a power plant gas turbine [11]. Köppen-Seliger
et al. used a fuzzy logic rule base to evaluate the residuals
obtained by any available analytical knowledge from several
subsystems to perform fault diagnosis for the high-pressure
preheater of a power plant [12]. In the work of Na et al., a
smart software sensor using a fuzzy model was developed
to perform accurate online estimation of the feedwater flow
rate and also to monitor the status of the existing hardware
sensors for pressurized water reactors [13]. Fuzzy-logicbased diagnostics have been applied to a variety of electric
generating stations including a hybrid fuel cell—gas turbine
facility [14] and a combined cycle power plant [15].
Fuzzy logic has also been applied to component and
process diagnostics in problems of a general nature [16].
For instance, Mendonça et al. employed a fuzzy model to

perform FDI for an industrial servoactuated pneumatic valve
[17]. Yui and Lee utilized fuzzy set theory to integrate quantitative information into a qualitative model-based diagnostics
system [18]. Aubrun et al. tested an FL-based evaluation and
reconfiguration method for actuator failures using simulation data from a thermal plant [19]. In their work, FL
was used for both residual evaluation and to reconfigure
the control system using fuzzy rules. Regarding the fault
isolation, they concluded that FL provides better results in
terms of the robustness of the models as compared with the
classical methods [19]. Amin et al. applied fuzzy inference
systems, knowledge fusion, and feature extraction to create a
robust health monitoring system for the determination and
classification of pump degradation [20]. For creating a failure
detection system destined for complex processes such as a
chemical plant, Vaija et al. proposed the use of a multilevel
fuzzy system [21]. Mechefske applied fuzzy logic techniques
to classify frequency spectra that represent various rolling
element bearing faults [22]. Uriu et al. successfully expressed
the quench margin of a superconducting magnet system in
terms of a “danger factor” that is generated by incorporating
data gathered from numerous sensors [23].
A few researchers have also promoted FL in the context of
instrumentation fault detection. Application of FL to signal
validation appears to have been first proposed by Heger et
al. in 1993 [24]. As they stated, fuzzy logic is useful for
instrument fault detection, as it possesses the advantage of
transforming linguistic information to numerical values for
processing and then later back to the linguistic domain
[25, 26]. Mourot et al. suggested the use of fuzzy pattern
recognition for gross error detection problems [27] as may
be encountered when utilizing parity equations to generate
residuals. Sauter et al. investigated the use of FL to diagnose
sensor and actuator faults in a simulated mechanical system.
In particular, they evaluated residuals in an adaptive manner,
and they used an FL technique to diagnose fault signatures
from a dedicated observer scheme [28]. In addition, Hines
et al. used FL to model and estimate process states as part
of an adaptive neural-fuzzy inference system intended to
perform instrument channel calibration verification [29].
Other hybrid implementations of FL for sensor validation
include the coupling of FL with state estimation techniques
[30].
As sensors provide the means by which operators and
control systems regulate systems, the field of instrumentation
fault detection and isolation has seen many studies over the
years. For those readers seeking to review the scientific literature in the field of FDI, see the recent review papers [31, 32],
reports [33], and books [34, 35].

3. Fuzzy Logic Diagnostic Monitoring
Predictive maintenance programs generally employ signal
processing techniques to perform condition monitoring on
particular plant equipment and systems. Such eﬀorts have
the potential to draw upon a plethora of digital signal
processing methods which have been developed and can be
targeted toward specific fault signatures. These approaches
are challenged to perform FDI and anomaly characterization,

Science and Technology of Nuclear Installations
Detection

Isolation

Identification

3
System 1
signals

Mitigation

···

Scheme 1

where these two tasks are listed in order of increasing diﬃculty. Furthermore, some FDI algorithms provide straightforward diagnostics with applicability to a variety of anomalies while other FDI approaches are complex computational
tools dedicated to the analysis of specific failure modes. As a
case in point, some methods are more useful for evaluating
abrupt faults while others are intended for incipient failures.
This situation leads to condition monitors that are often
dedicated to a single piece of equipment and incorporating
software with limited applicability in terms of the potential
failure modes that a component may experience. Small
electric utilities and individual generating units cannot be
expected to employ a dedicated staﬀ that is cognizant of and
conversant with all the available FDI methods. Consequently,
an operational aid in the form of an intelligent monitoring
system is needed. This state of aﬀairs is an impetus for
the development of the rule-based fuzzy logic diagnostic
monitoring (FLDM) to be described here.
3.1. Philosophical Approach. One facet of the philosophical
approach taken in developing the FLDM was to consider the
methodology often taken when a person is ill. Typically, a
physician first employs a variety of simple measures (e.g.,
body temperature) and afterwards may order additional
diagnostic tests (e.g., X-ray) to be performed based on the
initial evaluation of the patient. This thought process led to
an additional FLDM attribute in a further eﬀort to provide
an eﬀective health monitor, specifically the incorporation
of a knowledge (data) base of information concerning
the equipment operational history including manufacturer
reliability data and other maintenance records. Similar to
patient records, baseline signatures (when the equipment is
functioning in a normal, fault-free manner) are acquired and
stored for future reference and comparisons.
When performing FDI, the four stages, listed in order of
increasing diﬃculty, are as follows (see Scheme 1)
(1) detection that an actual fault has occurred,
(2) isolation of the fault components/devices,
(3) identification of the fault type and/or cause, and
(4) mitigation of the fault (e.g., repair).
The plantwide fuzzy logic health monitoring employs multiple signal processing modules to perform fault detection,
isolation, and characterization. Operational data signals are
sampled from existing and retrofitted sensors throughout
the power plant. The modular architecture of the FLDM
then allows signal analyses in parallel, that is, the health of
a given component or system can be assessed using multiple
independent signal processing techniques. As depicted in
Figure 2, the FLDM uses a two-stage approach in which the
first phase employs the more common techniques for robust
fault detection. Subsequently, the second stage algorithms,

System N
signals

System 2
signals

Fault detection and isolation (FDI) with
general-purpose signal processing modules
Plant systems
database

System 1
status

System 2
status

···

System N
status

System-specific signal processing
techniques for anomaly characterization

Overall system
health

Figure 2: Overall scheme of the fuzzy logic diagnostic monitoring.

which are intricate in nature, are intended to characterize the
anomaly. The characterization eﬀort is critical to determining the proper maintenance response.
Creating the FLDM then requires the selection of suitable
signal processing modules. It must be recognized that each
approach has its advantages and disadvantages. Carnero
noted, in the context of a screw compressor predictive
maintenance program, that the most suitable diagnostic
techniques must be selected or the PM program may
fail [36]. Furthermore, process conditions (e.g., transient
changes and the particular steady-state operating point) can
adversely aﬀect the ability of some signal processing techniques to accurately analyze the data. Of course, reliable
commercial implementations favor those methods with lowmissed and false alarm rates. Instantaneous failure detection
using single-observation conclusions is appropriate only in
those cases in which gross failure is experienced. Alternatively, long-term monitoring is required to identify slowly
developing faults such as those anticipated in a predictive
maintenance application. In order to improve the overall
reliability of the health monitoring, we promote the use of
multiple methods to address the diverse failure mechanisms
(categories) and the implementation of multiple techniques
within a failure category to improve the fault detection.
A salient feature of the approach presented in this paper
is that it builds upon proven fault detection and isolation
techniques. A challenge to an integrated condition monitoring system is the assimilation of the diverse results from
the signal processing modules into a final status decision.
Over time, experience may demonstrate the need to remove
a module due to poor performance, or if a new state-of-theart technique becomes available, then it can be inserted into
the existing integrated health monitor. To accomplish this,
we employ a rule-based fuzzy logic decision maker.
Many methods are geared toward the detection of a single
failure mode and, therefore, lack the robustness required for
any practical application. Furthermore, various equipment
and component failure modes exist. Two additional failure
cases which must be considered are the possibilities of
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Figure 3: Four temperature sensors with varying amounts of signal noise as the reactor power is raised from 0% to 100%.

multiple failures (via the same or diﬀerent failure modes) and
common-mode failure. Detection of multiple failure modes
has obvious advantages; however, the more complex the
failure mode, the more diﬃcult it is to detect and the further
the fault detection scheme tends into the area of process fault
diagnostics.
3.2. Stage 1 Signal Processing Modules. To achieve wide applicability throughout an entire industrial plant, such as a
nuclear generating station, general-purpose signal processing
techniques are needed. These signal processing modules
provide the initial analyses of plant data to ascertain whether
an anomaly exists. The more in-depth analyses can be
performed, if desired, to more definitively characterize the
problem.
To illustrate the use of the general-purpose signature
analysis methods, consider the four temperature signals
shown in Figure 3. These signals were obtained from the
upper plenum of the Experimental Breeder Reactor II during
a startup from 0% to 100% full power. The first signal
(Figure 3(a)) visually shows a uniform amount of noise
regardless of the power level; however, the other three
signals exhibit increasing levels of noise as the reactor
power rises, with the last temperature reading (Figure 3(d))
being especially noisy. The signal noise could be due to
sensor maloperation or a process irregularity. Or perhaps the

Table 1: A simple set of rules for signal noise assessment.
Rule
1
2
3
4
5

RMS value
Low
Ordinary
Zero
Low
Elevated

Zero-crossing rate
Infrequent
Infrequent
Infrequent
Infrequent
Frequent

Signal noise status
Normal
Noisy
Suspect
Suspect
Very Noisy

increased noise is perfectly normal and it is the signal without
increased noise that is actually abnormal. The FL decision
maker must combine the signal analysis results with expert
derived rules to ascertain the correct diagnosis.
Consider a fuzzy noise detector that utilizes only two
inputs: the rms and zero-crossing rates of the signals. The
rms and zero-crossing rate are first measured and individually fuzzified. The rms value may be fuzzified into zero, low,
ordinary and elevated values. The zero value is necessary to
account for situations such as signal saturation and loss of
signal. The zero crossing rate (ZCR) is similarly fuzzified into
infrequent, regular, and frequent. For our first example, a
simple rule set is produced and delineated in Table 1. Rules
3 and 4 account for situations such as signal saturation and
loss of signal.
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Figure 5: Reactor core exit temperature measurement with spurious behavior during startup operations.

Figure 4: Application of fuzzy noise detector to the third temperature signal.

In the case of the second temperature sensor (Figure
3(b)), the rms value is computed as 0.80◦ F and the ZCR
is 2.75 per min at around t = 350 mins. The rms value
is fuzzified and found to have a membership of 1.0 in the
low group. Likewise, the ZCR is fuzzified and determined
to have a unity membership in the infrequent (note: the
overline is read as not infrequent) class. After applying the
rules and performing the centroid defuzzification, the overall
signal noise status is normal as only Rule 1 is activated, even
though the human perception based on Figure 3(b) might be
to consider it noisy.
The results for the third and fourth signals are similar,
except that the fourth signal is classified as very noisy and
the third signal is deemed simply noisy. The σ = 1.69◦ F
of the third temperature produces memberships of 0.39 and
1.0 in the low and ordinary groups, respectively; the ZCR =
5.22/min activates both the frequent and infrequent to a
degree of unity as seen in Figure 4. The diagnostic result for
the third signal is noisy even though both Rules 1 and 2 are
triggered.
The analyses of this example have been performed on a
single signal, and the rms and ZCR are fuzzified according
to the baseline signal features that are stored in the plant
database, which is described later. Although this example has
shown analyses based on examining a single sensor without
regard to the behavior of other similar signals, the features
from redundant and related signals can also be compared
to further enhance the confidence of the result. Moreover,
such comparisons aid in resolving whether the noise is
the consequence of an equipment anomaly or a process
abnormality.
As an example of the interdependency between process
and equipment diagnostics, consider the spike in the reactor
core exit temperature signal shown in Figure 5. Such an
occurrence requires an evaluation as to whether this impulse
is an actual process change or an erroneous reading. Rateof-change limit checking can be used in this situation to
ascertain that, in fact, such a physical change is improbable,

but not impossible. Nevertheless, this possibility forms the
basis of several rules which depend on the variable of
interest and the magnitude of the rate of change as defined
by fuzzy membership functions. Furthermore, additional
information can be incorporated in the decision-making
process by looking at other related process variables. For
instance, such a large temperature rise would require a
significant increase in power and/or a loss of heat rejection
capability as might be experienced during a loss of coolant
flow. This situation demonstrates the need for the fuzzy
rule knowledge base to discriminate equipment malfunction
from process abnormalities.
Rudimentary signatures such as these have wide applicability across plant systems. The failure modes addressable
by fundamental signal descriptors include spikes, drift, bias,
noise, and stuck. Pattern recognition and additional digital
signal processing modules employing advanced time and
frequency domain techniques could also be included within
the diagnostician, but those would generally be the forte of
the characterization stage. Besides random signal analysis,
deterministic test results can also be included as input to
the condition monitor, for example, machine lubricating oil
and wear particle analyses, but again those represent indepth and system-specific methods. The eﬀort in realizing an
eﬀective diagnostic monitor then becomes the analysis of the
acquired data in order to determine whether the particular
system or component is exhibiting characteristics that warn
of incipient failure.
3.3. Diagnostic Monitoring. Process data fusion, analysis,
and interpretation represent key barriers to achieving better
equipment health monitoring. Results have shown that fault
detection must be accomplished by using diverse signal
processing techniques to perform robust signal analysis;
however, these methodologies should be melded into a
cohesive fault detection scheme rather than combined in a
parallel scheme that permits no crosstalk between the signal
processing techniques. A rule-based fuzzy logic approach
allows the combination of information from multiple
domains.
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Table 2: Plant database.

Measurements

Stage 1
General-purpose signal
processing modules

Stage 2
System-specific signal
processing techniques

Information category
Instrumentation
Baseline signatures

Fuzzy logic
- Fuzzifier
- Inference engine
- Defuzzifier

Knowledge base
(If-then rules)
- Physical relations
- Operator experience
- Expert knowledge

Database
- Component reliability
- Historical trends
- Maintenance records
- Sensor accuracy

Figure 6: Connection between the fuzzy logic decision making
and the signal processing modules and other related information
of importance.

General signal processing techniques are useful but indepth equipment condition monitoring requires equipmentspecific analysis algorithms. As an example, consider the
authors’ health diagnostics of pressure sensing lines in
nuclear power plants [37, 38]. For such instrument line
diagnostics, the power spectral density of the pressure
fluctuations (noise) is determined and compared to transfer
function based models of normal and anomalous conditions
such as line blockage, gas entrapment, and leakage [39]. In
the end, however, all of these results must be combined via a
higher-level decision-making module—this is the role of the
FLDM.
Fuzzy logic is employed in a decision-making capacity
(see Figure 6) for system diagnostics using signal processing
modules. By keeping the diagnostic monitor flexible with
respect to the applicable types of equipment and systems, the
FLDM can be applied on a plantwide basis. The system can
also be expanded through the addition of other FDI methods
(such as Kalman filtering) to process the collected data and
information.
In encoding the FLDM, we recognize that plant personnels have an advantage over FDI methods in terms of their
personal experience and the human capability to assimilate
a wide range of information and new data. In contrast,
computers have an edge in being able to process such
information faster than their human counterparts can. Fuzzy
logic, as an artificial intelligence tool, can take advantage of
the plant operators’ experience and the rapid data processing
capability of computers. The numerical results of the various
signal-processing modules are fuzzified for processing by
the FLDM, which incorporates the intellect of the engineeranalyst into the fuzzy rules. The rule-based fuzzy system
created here uses the Mamdani fuzzy inference process. The
fuzzy rules and weighting factors are tailored to the particular
equipment and signal processing techniques. For example,

Equipment specifications
Maintenance records

Specific information stored in the
database
List of measured variables, sensors,
accuracy
NRMS, skewness, kurtosis,
zero-crossing rate
Manufacturer, model number
Dates of and technician performing
the last calibration and most recent
repair; reliability history

a zero weighting factor can be used to prohibit a particular
module from analyzing data from a given component while
still making the module available for examining other plant
systems. The weights are chosen to reflect the confidence by
which a given signal processing module can properly identify
a given failure mode within that particular equipment/
system. The computational overhead for the fuzzy system is
such that signal analysis can be accomplished in real time.
The modular architecture allows the insertion of new stateof-the-art techniques when they are deemed useful to electric
generating stations.
A rule base is created allowing the human perception
of the situation to be represented mathematically. The rule
base of the fuzzy logic approach is generic in the sense that
the rules are oblivious to the particular state variable being
measured. Fuzzy set operations are applied in conjunction
with the rules. Finally, a defuzzification scheme is used to
determine the centroid location and, therefore, the signal
status. Although the signal processing modules may be
applied to all the collected data, this is not to say that the
weighting factors are the same for all plant components and
systems. Whereas the various techniques generally utilize
strict numeric boundaries during the fault detection, the
monitor described here relaxes the hard boundaries by
utilizing fuzzy set theory. As such, this method bridges the
statistical approaches taken by hypothesis testing techniques
with the heuristic methods applied by system operators.
Besides the real-time data analyses, a database of component reliability can be utilized from which more accurate
decisions can be made regarding equipment health. A list of
some of the information that may be incorporated in the
database is given in Table 2. The information employed for
the second-stage system is derived from the general database,
which also includes a tree-structured database as depicted
in Figure 7. The tree-structured database is a linked list
that facilitates the dynamic creation of system-specific rules
from general relationships. It provides a physical description
of the infrastructure of interest and knowledge of its
instrumentation network, including sensor types, locations,
manufacturers, model numbers, and nearby sensors. The
tree-structured database is constructed to ensure that the
fuzzy system is portable between diverse power plants
and adaptable when either the sensory network or the
infrastructure is modified. To reduce the possibility of false
alarms due to common-cause instrument anomalies, the tree

Science and Technology of Nuclear Installations

7
(1) Parity space (see review by Patton and Chen [41]),

Plant

Temperature Flow

Pressure

T1

T2

F1

P1

(2) Dedicated observers [42, 43], and

Location

Measurement type
System 1

T3
P2
Sensors

F2

System 2

P3

(3) Kalman filters [44, 45].
System 3

T4

F3

Figure 7: The tree-structured database containing a physical description of the power plant and its sensory network.

structure may be used to search for the occurrence of similar
abnormalities.
Another issue is whether the plant is operating at steadystate conditions or whether it is undergoing a transient,
for instance, during startup or load changes. Some signal
processing techniques are better suited to static conditions
whereas other methods may be adept at dynamic conditions.
Practically speaking, the data from base load nuclear power
plants are generally easier to analyze than those from peaking
units.

4. Instrument Calibration Monitoring
This section presents a more detailed example of the application of fuzzy logic to health monitoring of process instrumentation. Here we detail the use of fuzzy logic for a specific
application, in particular by showing representative rules,
fuzzy membership function, and actual results from the
application of the FLDM to data from an operating nuclear
power plant.
4.1. Calibration Reduction. In any process, the system conditions must be measured in order to achieve the desired
operating configuration. Part of the eﬀort in improving
process monitoring, control, safety, and maintenance using
automated computer systems must be dedicated to insuring
the accuracy and reliability of the indicated process conditions as obtained from the instrumentation system [40].
Diagnostic functions and condition monitoring must be
performed based on validated process signals. Sensor validation (or instrument fault detection) is a determination
whether a process indicator is providing a reliable reading.
The incentives for performing sensor validation lie in both
concerns for safety and the economic returns possible.
Properly validated signals increase plant availability and the
reliability of operator actions.
Various approaches have been developed to perform signal validation. Many methods originated from the aerospace
and nuclear industries. Most techniques employ a two-stage
process: (1) generation of residuals and (2) decision making
based upon hard thresholds. The residual signals (nominally
near zero) deviate from zero in characteristic ways when
certain faults occur. The residual generation methodologies
include the following.

The decision making is based upon various tests, including
the generalized likelihood ratio (GLR) [46–48], sequential
probability ratio test (SPRT), and innovation properties
(tests for whiteness, mean, covariance, chi-square, etc.),
applied to the residuals.
Two primary types of failure are addressed by sensor
validation: (1) incipient (catastrophic) failure detection and
(2) detection of instrument calibration drift. For instance, if
instrument calibration is drifting over time, then preventive
maintenance on the instrument channel may be performed
before complete failure. This predictive maintenance aspect
has the benefit of a maintenance scheduling aid, including
the ability to preorder components, as well as the possibility
in the severest case of preventing a nuclear plant trip,
which depending on the nature could require the filing
of a Licensee Event Report (LER) with the USA Nuclear
Regulatory Commission—a situation to be avoided.
Calibration reduction is a particular application of sensor
validation. Calibration reduction does not eliminate the need
to perform instrument calibration, but lessens the eﬀort
involved. An obvious benefit of calibration monitoring is
reduced manpower requirements due to the lessened workload. Since some sensors are normally inaccessible, this
recalibration eﬀort may come during an already busy plant
outage—when labor is already at a premium. In a nuclear
power plant, calibration reduction can also lower the amount
of time spent in radiation areas, thereby reducing personnel
exposure.
4.2. Fuzzy Logic Diagnostic Approach. Consider that multiple
readings of a given process variable are available directly with
physically redundant sensors and/or indirectly via analytical
or empirical relationships. To begin the analysis, an absolute
deviation between all possible signal pairings is calculated
according to






δi j = xi − x j  for i = 1, 2, . . . , N;

i=
/ j,

(1)

where N is the number of redundant sensors and xi is the
measurement from the ith sensor at a given time instant. The
range of possible values, that is, the universe of discourse,
for δ varies from zero, when the signal pair is in complete
agreement, to the instrument range, R, which is the maximum possible deviation. This universe of discourse for δ is
quantized into several overlapping fuzzy-set values:
[0, 5σ]
S (small δ) :
[3σ,
M (medium
δ)
:
9σ]


[7σ, R]
L large δ :

(2)

In particular, this deviation is normalized based on the signal
standard deviation, σ, using three regions: (1) small, (2)
medium, and (3) large deviations, as shown in Figure 8.
In performing instrument calibration monitoring, two
results are important: (1) an instantaneous indication of how
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Figure 8: Universe of discourse for the deviation (δ) fuzzy input
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planned accordingly.
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Figure 9: Universe of discourse for the frequency of occurrence (τ)
fuzzy input variable.

a sensor is performing relative to its redundant units, and
(2) a long-term determination of whether an instrument
channel is functioning properly. The presence of random
fluctuations requires a statistically significant number of data
samples taken over a representative period to minimize the
false alarm probability.
Therefore, not only must the sensor deviations be monitored, but also the frequency of the small, medium and large
deviations. Hence, a second fuzzy input variable—the frequency, τ k , at which the deviation type k has been observed—
is introduced. In practice, the value of τ is obtained by
maintaining a running average over a number of contiguous
samples up to the current sample time, when the status
decision is made. For τ, the universe of discourse ranges from
0% to 100%, and the fuzzy set values are (see Figure 9):
[0%, 10%]
R(rare) : 
E ex pected  : [5%, 100%]
F f requent : [50%, 100%]

(3)

Thus, there are three fuzzy frequency (τ) values for each
deviation.
Rules are then implemented to determine whether the
signals are consistent with respect to one another. The
consistency checking algorithm may find several possible
results:
(1) Signals Consistent: When all the signals are in
agreement with one another, then either (a) all the
sensors are good, or (b) all the instruments are out of
calibration (e.g., due to signal drift).
(2) Signals Partially Consistent: If the majority of sensor
readings are consistent with respect to one another,
then the minority group of signals is suspected of
having experienced a calibration shift. In fact, it

(3) Signals Inconsistent: In this case, multiple sensors
may require replacement or recalibration. It is in situations such as this (or in those instances where only
one or two redundant signals exist) that an independent estimate of the process state is useful, that
is, an analytical or empirical process model provides
a virtual measurement with which to compare the
recorded values.
The fuzzy validator therefore classifies a signal as being consistent, partially consistent, or inconsistent. The status fuzzy
variable is the signal validity state, s, with fuzzy set values of
[0.0, 0.5]
 C (consistent) : 
P partiallyconsistent : [0.25, 0.75]
[0.5, 0.1]
I (inconsistent) :

(4)

which are graphed in Figure 10.
Rules associate the signal state with the deviation between
the sensor readings, and the frequency at which those deviations have been observed. The rule set must be established
such that a status result is issued for each signal. Furthermore, the rules are constructed to consider the eﬀects that
an inconsistent sensor has on the deviation and frequency
of occurrence for a calibrated instrument. For example, in
a signal pairing comparison between an accurate and an
inaccurate reading, both sensors may initially be deemed
inconsistent with respect to one another.
With a group of three or more sensors measuring the
same state-variable, sensor fault isolation is possible. In
the case of four redundant sensors, there are twelve state
fuzzy variables and four fuzzy status variables. There are
six deviations computed (e.g., δ12 and δ23 ), and eighteen
S
M
L
, τ12
and τ12
). The rules,
frequency fuzzy variables (e.g., τ12
which are shown in Table 3, are more extensive than those in
the example of Section 3.2. The first rule in the table may be
read as the set level implication.
If the deviation, δ12 , is large and its frequency of occurL
, is not rare, then the sensor #1 status, s1 , is
rence, τ12
inconsistent and the sensor #2 status, s2 , is inconsistent.
Diﬀerent weights are assigned for the rules. In particular,
the first six rules use a weighting factor of 0.3 because of
the adverse eﬀect that a single faulty sensor can have on the
consistency checking results for reliable instruments. Unit
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Table 3: Rules for the calibration monitoring of four sensors.
δ12
L

τ12
R

δ13

τ13

L

R

δ14

τ14

L

R

δ23

L

τ23

δ24

τ24

δ34

τ34

C
C
C

F
F
S

F
S

S
M

M

C
C
C

R
M

weights are applied to Rules 7 through 12 since this situation
of consistency has a high degree of confidence. The last six
rules have a weight of 0.6 since their occurrence is to be
expected given the statistical fluctuations present in a process
and the variability of plant operating conditions.
The compactness of the rule base and the simplicity
with which the deviations and frequency fuzzy variables are
applied together with the rules allow signal processing in
real time. The fuzzy logic approach is also capable of evaluating situations in which analytical models are employed.
Deviations between analytical model estimates and hardware
measurements can occur due to (1) a failure in the sensor
measuring the state variable of interest or (2) an anomaly in
an input signal sent to the analytical model.
The basis of the calibration reduction (but not total
elimination) is the intercomparison of redundant process
measurements. The process readings are monitored on a
continuous basis—over weeks for instance. During this time
period either the signals will agree or they will disagree. If
(as one would hope), the redundant signals concur with one
another, one of two conclusions can be surmised: (1) the
signals are all accurate or (2) the signals have all failed by
some common-cause mode such as calibration drift. The
problem is then reduced to verification of the calibration of
one of the redundant sensors (channels). Should the tested
instrument prove to be within calibration specifications, it
may be concluded that the remaining (untested) sensors are
within calibration specifications and they do not require
recalibration.
4.3. Calibration Reduction Example. The data shown in
Figure 11 are pressurizer pressure measurements recorded
at a commercial pressurized water reactor (PWR). Using
the first 200 days worth of data, the deviations and the

R

C
C

C
C
C

R

M

C
C

C

C
C

R

M

C

C

R

I
I

C

F

R
M

I
I

C
C

F

s4

I

I

F
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s3

R

L
S

s2
I

I
I

R

L
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I
I
I
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Figure 11: Pressurizer pressure measurements from four redundant
sensors [49].

frequencies of occurrence for these pressure readings were
first calculated and are given in Table 4. The fuzzified
values are then evaluated using a Mamdani style fuzzy
system, which employs minimum implication, summation
aggregation, and centroid defuzzification. In the results for
these pressurizer data, only six of the eighteen rules were
activated. The fuzzy diagnostic monitor accurately identifies
that Signal 1 is an out-of-calibration pressure transducer.
Signal 2 is identified as consistent, and Signals 3 and 4 are
deemed partially consistent. A close examination of Rules
1–3 and 10–12 reveals that this latter status is not entirely
a consequence of the first signal’s inconsistency, as Signals
2–4 are not tightly coupled as a group. The eﬀect of the
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Table 4: Deviations and frequencies of occurrence computed for pressurizer pressure signals.

Signal pair
Deviation (δ)
1-2
1-3
1-4
2-3
2-4
3-4

10.4
12.2
12.8
2.24
2.46
2.36

Before day 200
Frequency of occurrence
(τ S , τ M , τ L )
0%, 16%, 99%
0%, 4.5%, 98%
0%, 4%, 100%
100%, 37%, 0%
100%, 30%, 0%
100%, 19%, 0%

inconsistent sensor can be removed by reapplying the fuzzy
system to only Signals 2–4. Neither the deviations nor the
frequencies of occurrence have to be recomputed and a
smaller, three-sensor rule set is used.
At approximately day 200, the faulty sensor was recalibrated such that it (visually speaking when looking at the
data of Figure 11) becomes more consistent with the other
three transducers. The particular deviations and frequencies
of occurrence for the last 50 days are also given in Table 4.
The fuzzy analysis results conclude that Signals 2 and 3 are
consistent, and that Signals 1 and 4 are partially inconsistent.
These results can be visually verified by noting that Signals 1
and 4 are the outliers in the data of Figure 11.

5. Summary
Predictive maintenance can be achieved without disturbing
the plant operation. Fault-tolerant signal processing based
on fuzzy logic can help power plant operators meet the goal
of eﬀective, eﬃcient, and safe operation of complex systems.
Fuzzy logic-based condition monitoring is described for
improving state-of-the-art monitoring and diagnostic capabilities for general industrial processes. Its feasibility is shown
through the analysis of sensor data obtained from operating reactor systems. Such technology has multidisciplinary
applications besides electric generating stations, including
chemical processing plants, highways, and air/space craft. In
the longer term, FLDM could be provided with some level
on online learning which might be augmented by operator
input [50, 51].
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[2] A. Flores, D. Sáez, J. Araya, M. Berenguel, and A. Cipriano,
“Fuzzy predictive control of a solar power plant,” IEEE Transactions on Fuzzy Systems, vol. 13, no. 1, pp. 58–68, 2005.
[3] C. M. Leuba, M. Abdalla, C. E. Ford, and L. Guimaraes,
“Hybrid fuzzy-PI adaptive control for U-tube steam generators,” Control, Theory and Advanced Technology, vol. 8, no. 3,
pp. 567–575, 1992.
[4] N. Na, K. Kwon, C. Ham, and Z. Bien, “A study on water level
control of PWR steam generator at low power and the selftuning of its fuzzy controller,” Fuzzy Sets and Systems, vol. 74,
no. 1, pp. 43–51, 1995.

Deviation (δ)
4.7
3.5
6.8
1.2
2.1
3.3

After day 200
Frequency of occurrence
(τ S , τ M , τ L )
32%, 100%, 0%
100%, 100%, 0%
0%, 100%, 76%
100%, 4%, 0%
100%, 6%, 0%
100%, 100%, 0%

[5] G. Y. Park and P. H. Seong, “Application of a fuzzy learning
algorithm to nuclear steam generator level control,” Annals of
Nuclear Energy, vol. 22, no. 3-4, pp. 135–146, 1995.
[6] G. Wang and K. E. Holbert, “Hybrid classical-fuzzy controller
for a power plant water supply system,” in Proceedings of the
34th Annual North American Power Symposium, pp. 352–359,
Tempe, Ariz, USA, October 2002.
[7] M. Holmes and A. Ray, “Fuzzy damage-mitigating control of
a fossil power plant,” IEEE Transactions on Control Systems
Technology, vol. 9, no. 1, pp. 140–147, 2001.
[8] G. P. Sullivan, R. Pugh, A. P. Melendez et al., Operations &
Maintenance Best Practices, a Guide to Achieving Operational
Eﬃciency, Release 3. 0, Pacific Northwest National Laboratory,
U.S. Department of Energy, Federal Energy Management
Program, 2010.
[9] S. S. Choi, K. S. Kang, H. G. Kim, and S. H. Chang, “Development of an on-line fuzzy expert system for integrated alarm
processing in nuclear power plants,” IEEE Transactions on
Nuclear Science, vol. 42, no. 4, pp. 1406–1418, 1995.
[10] K. E. Holbert, A. Mishra, and L. Mill, “Intrusion detection
through SCADA systems using fuzzy logic-based state estimation methods,” International Journal of Critical Infrastructures,
vol. 3, no. 1-2, pp. 58–87, 2007.
[11] U. Pareek and I. N. Kar, “Estimating compressor discharge
pressure of gas turbine power plant using type-2 fuzzy logic
systems,” in Proceedings of the IEEE International Conference
on Fuzzy Systems, pp. 649–654, Vancouver, Canada, July 2006.
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The nuclear technology has been widely used in the world. The research of measurement in nuclear installations involves many
aspects, such as nuclear reactors, nuclear fuel cycle, safety and security, nuclear accident, after action, analysis, and environmental
applications. In last decades, many advanced measuring devices and techniques have been widely applied in nuclear installations.
This paper mainly introduces the development of the measuring (instrumentation) methods for nuclear installations and the
applications of these instruments and methods.

1. Introduction

2. Nuclear Power Reactors

In last decade, nuclear technology has developed rapidly
and became more important to human society with the
development of science and technology. Nuclear technology
has many advantages, such as zero carbon emissions, energy
independence, and safety. At present, nuclear installations
are more prevalent than ever before. Therefore, with the
rapid development and wide applications of nuclear technology, many new technologies have been emerging to guarantee its reliability and safety, where measuring devices and
techniques that can exactly measure and monitor the nuclear
installations show particular importance.
This paper is a review of advances in measuring (instrumentation) technology focus areas that have applications in
nuclear installations. The instruments used in nuclear installations mainly include multifarious detectors, sensors, and
meters. The measurement methods for nuclear technology
mostly consist of all kinds of nondestructive measurement
methods. The paper presents various instruments and measurement methods which are widely used in nuclear power
reactors, nuclear fuel cycle, safeguards and homeland security, nuclear accident, after action, and analysis.

2.1. Nuclear Power Reactors Instrumentations. In this section,
instrumentations to measuring the neutron fission, the neutron dose, the flux, the reactor fission rate, and temperature
are discussed. Here instrumentations contain Micro-Megas detectors, noise thermometer, tissue equivalent proportional counter, high-temperature thermocouples, liquid
scintillation detector, spectrometers, optical fiber sensors,
Uranium Fission chamber, Plutonium Fission chamber,
Self-Powered Neutron Detector, Ionization chamber, SelfPowered Gamma Detector, Diﬀerential calorimeter, Gamma
Thermometer, and Optical Fiber Sensors, and so forth.
A new set-up at the Conseil Europeen pour la Recherche
Nucleaire (CERN) n TOF facility has been built and tested
by Guerrero et al. which allowed measuring simultaneously
neutron, induced fission and capture reactions by combining
a 4π Total Absorption Calorimeter (TAC) with several
Micro-Me-gas (MMGAS) detectors [1]. The sketch is shown
in Figure 1. Bolshakova et al. discussed the issues of creating
the instrumentation for measured the semiconductor magnetic field sensors during their irradiation with neutrons in
nuclear reactors up to fluences similar to neutron fluences in
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Figure 1: Detail of the MMGAS detectors.
Figure 2: The irradiation locations of ATR core cross-section.

steady-state sensor locations in international thermonuclear
experimental reactor [2]. They used the tissue equivalent
proportional counter to measure the neutron dose and dose
equivalent rates, and the multisphere spectrometers were
used in measurement of energy distributions [3]. Fourmentel
et al. did a lot of work to measure more accurately photon
flux, nuclear heating, and neutron flux in the reactor [4].
The devices measure the photon flux by two diﬀerent sensors
(Ionization chamber and Self-Powered Gamma Detector),
the nuclear heating by two diﬀerent ones (Diﬀerential
calorimeter and Gamma Thermometer), and the neutron
flux by three diﬀerent kinds of sensors (Uranium Fission
chamber, Plutonium Fission chamber and Self Powered
Neutron Detector).
A key technique in nuclear installations is monitoring of
temperature. Brixy used the noise thermometer to measure
the temperature in nuclear reactors [5]. The noise thermometer rooted in the Nyquist theorem which is used to
determine absolute temperatures. Both of the two resistors
have noise voltages, one at the unknown temperature, the
other at room temperature. Compared with the ratio of the
resistances, when the noise voltages from the two resistors are
matching, the ratio of their absolute temperatures is determined. Bily and Sklenka designed a new instrumentation
for measurement of thermal eﬀects on the training reactor
which called VR-1 [6]. Rempe et al. contrasted the types
of sensors available to support in-pile irradiations measurement and those sensors available to Advanced Test Reactor
(ATR) currently [7]. Accomplishments from new sensor
technology deployment eﬀorts are remarkable by describing
new thermal and temperature conductivity sensors available
to ATR users now. The sketch is shown in Figure 2.
The major superiority obtained over the last decade in
the understanding of fundamental neutrino physics allowed
us to put into use the detection of reactor antineutrino
signals to automatic and nonintrusive nuclear power plant
investigates. Porta et al. presented the NUCIFER experiment,
which used a 1-ton Gd-doped liquid scintillator detector to
be installed a few 10 m from a reactor core for measurements
of its Plutonium content and thermal power [8]. The design
of such a small bulk detector has been focused on good
background rejection and high detection eﬃciency. The
advanced qualification of innovative high-temperature

thermocouples specifically for in-pile applications was
designed by Villard et al. [9]. This new kind of thermocouple
was based on niobium thermoelements and molybdenum,
which persisted nearly unchanged by thermal neutron
flux even though under harsh nuclear environments,
whereas Type C or Type S as typical high-temperature
thermocouples is changed by significant drifts caused by
material deformations under the same conditions.
The other key issue for advanced irradiation programs in
nuclear research reactors is in situ measurement, especially
in Material Testing Reactors (MTR). With the prospective,
Optical Fiber Sensors (OFSs) is a good choice. OFS can
provide unique feature substantial properties that bring
intrinsic advantages over conventional sensing approaches.
An initial condition for the development of OFS ensures
that the Radiation-Induced Absorption (RIA) of the light in
the fiber does not exceed a predefined threshold. Cheymol
et al. reported the results of a long-lasting irradiation
investigation, which carried out various fibers, including
Single Mode (SM) fibers and Multimode (MM) and hollow
core Photonic Band Gap (PBG) fibers [10]. for application
of a Fiber Optic Fabry-Perot Interferometer (FOFPI) for
measurements of the pressure variation in water reactors of
nuclear power plants, the intelligent sensors could contribute
to improving their safety and long-term metrological stability [11]. The algorithm of self-calibration of the pressure
sensor based on the fact that the length of the FOFPI cavity
depends on the pressure at a constant spectrum of an optical
source is considered. It is shown that manufacturing of
an FOFPI-sensitive element based on a molecular layering
nanotechnology provides for substantial enhancement of the
quality of the gauge.
2.2. Nuclear Power Reactors Measurement Methods. In this
section, nuclear power reactors measurement methods are
discussed. Here measurement methods contain indium foils
methods, solid state nuclear track detection, time-of-flight
technique, microwave propagation methods, optical dosimetry, accelerator mass spectrometry, gamma spectrometry
and swept wavelength interferometry, and so forth. These
measurement methods can be used to measure neutron flux,
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reactor fission rate, absolute energy of cold neutrons, radiation field intensity, electronic excitation dose rate, atomic
displacement, thermal neutron flux, and volatile fission.
Papastefanou reported the measurement of albedo of
water and neutron flux for thermal neutrons with indium
foils and the analyses of multiplication factor, relaxation
length, neutron amplification, migration length, and parameters of the nuclear reactor [12]. Li et al. described the
measurement principle and method of fission rate of nuclear
reactor by solid-state nuclear track detection and showed the
measurement result for miniature neutron source nuclear
reactor [13]. This method has advantage over other physics
method which avoided the approximate supposition of some
other method in fission rate measurement. Laurie et al.
summed up data collected from previous irradiation tests
in terms of thermocouple data [14]. Khentout and Meftah
presented a method for measuring the neutron diﬀraction
facility at the Es-Salam nuclear power reactor and the
absolute energy of cold neutrons at the small angle scattering
facility of the NUR nuclear power reactor using the timeof-flight technique [15]. Bhattacharya et al. reported an
investigation of the radiation field intensity measurement in
the core of a pulsed nuclear reactor using microwave propagation through an appropriately chosen noble gas placed
within the nuclear power reactor [16].
Meirav et al. used the method of accelerator mass spectrometry which is applied to the measurements of concentrations of the long-lived volatile fission product in the
Irradiated Fuel Bay (IFB) of a nuclear power reactor and
Primary Heat Transport (PHT) system [17]. Coulon et al.
used gamma spectrometry to monitor the fourth generation
Sodium Fast Reactor (SFR) nuclear power [18]. Simulation
showed that power monitoring in high accuracy and with
short response time is possible measuring delayed gamma
emitters produced in the liquid sodium. Gamma emitter production rate in the reactor core was calculated with technical
and nuclear data as atomic densities, neutron spectra,
sodium velocity and incident neutron cross-sections of
fission reactions, and also sodium activation reactions producing gamma emitters. Sang et al. reported the applications
of Swept Wavelength Interferometry (SWI) to distributed
fiber-optic temperature measurements in a nuclear reactor,
the sensors consisted of 2 segments of single mode optical
fibers [19]. The sketch is shown in Figure 3. Yarovoi et al.
applied the holographic equipment in diagnosis of NPP construction. There is a possibility of application of interference
and holographic technique in condition of NPP [20].

3. Nuclear Fuel Cycle
3.1. Nuclear Fuel Cycle Instrumentation. The nuclear fuel
cycle consists of steps in the front end, which are the preparation of the fuel, steps in the service period, in which the fuel
is used during reactor operation, and steps in the back end,
which are necessary to safely manage, contain, and either
reprocess or dispose of spent nuclear fuel. The instrumentations can measure nuclear fuel reprocessing, nuclear fuel inpool, spent fuel assembly, the absolute energy-integrated flux
and the energy spectrum of anti-neutrinos emitted adopted
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optical fiber sensor, high-resolution germanium detector,
alanine dosimeters, and energy spectrum.
A framework of performance metrics, which coupled
with a first-order lumped reactor model to determine
nuclide population balances, can be used to quantify the
aforementioned cons and pros for a range of diﬀerent
reactor and nuclear fuel cycle combinations [21]. The
framework includes metrics such as fuel reprocessing, fuel
eﬃciency, spent fuel toxicity, and proliferation resistance.
Nuclear fuel reprocessing requires high acidity levels that
should be rapidly and accurately controlled in order to
optimize extraction process and yields eﬃciency [22]. A
new optical fiber sensor based on a sol-gel film doped with
an acid-sensitive indicator has been developed to improve
remote and on-line monitoring of the nuclear fuel cycle.
The system is based on a submergible housing, containing
a high-resolution germanium detector, allowing for the
measurement of nuclear fuel in-pool [23]. The system can
be transported to any nuclear power plant’s fuel storage pool
for in-pool measurements during outage. The measurement
of radiation from a spent nuclear fuel assembly is based on
usage of passive detectors, such as track detectors for neutron
radiation and alanine dosimeters for gamma radiation [24].
Battaglieri et al. presented the expected performance of a new
detector to measure the energy spectrum and the absolute
energy-integrated flux of antineutrinos emitted by an unclear
power plant fuel cycle [25].
3.2. Measurement Methods for Nuclear Fuel Cycle. Another
description of the nuclear fuel cycle includes manufacture
of reactor fuel element and fuel preparation, nuclear fuel
materials cycle, the composition of fuel rod, reprocessing
of fast reactor fuel, assaying spent fuel, processing spent
fuel, the process of nuclear fuel fabrication and reprocessing.
All of these steps can be measured by neutron absorption
technique, detection of high energy gammarays emitted
methods, DFT methods, nondestructive acoustic method,
conduct metric technique, ultrasonic transmission technique, pyrometallurgical technology, nondestructive assay
technique, photon gamma spectrometry, and so forth.
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method for trace level determination of U(VI) during the
reprocessing and postprocessing of nuclear fuel fabrication
in clear industries [36]. Hawari et al. assessed the feasibility
of passive gamma-ray spectrometry assay as an approach for
on-line burnup determination for nuclear fuel of the Modular Pebble Bed Reactor (MPBR) [37]. The sketch is shown in
Figure 4. Meier et al. illustrated the utilizations of optically
accessible high-pressure sector test rig in combination with
optical test methods as part of the development process of a
fuel lean injection combustion concept. Imaging and laserbased techniques are used to characterize fuel preparation,
temperature, heat release, and nuclear fuel cycle [38].

4. Safeguards and Homeland Security
A nondestructive method based on a neutron absorption
technique has been developed for the process-control analysis of 235 U in manufacture of reactor fuel element [26]. Perret
and Jordan applied a novel technique to measure the pent
fuel of fissions after reirradiation at low power [27]. This
technique is based on the detection of high energy gamma
rays emitted by delayed neutrons and short-lived fission
products. Liu et al. reviewed the state of first-principles
Density Functional Theory (DFT) modeling of nuclear fuel
materials cycle [28]. The first-principles modeling of DFT
has emerged as a quantitatively rigorous method which was
widely used to study nuclear materials cycle. Rosenkrantz et
al. developed a nondestructive acoustic method that gives
an easy access to the composition and the pressure of the
internal gas mixture in the upper plenum of a standard fuel
rod [29]. Subbuthai et al. tested a conductometric technique
for determination of the third phase, a phase formed by
splitting of organic phase during malfunction in operation
[30]. Kamei and Serizawa concerned with a new development of ultrasonic transmission technique for film flow measurements [31]. The technique adopted a rotating reflector,
capable of measuring time-dependent spatial distribution of
liquid film thickness around a simulated nuclear fuel rod.
Inoue proposed pyrometallurgical technology which is one
of potential devices for future nuclear fuel cycle [32]. The
main technology is electrorefining for U and Pu separation,
which can be applied on oxide fuels through reduction
process as well as metal fuels.
Optical method is important to the measurement of
nuclear fuel cycle. Normand et al. introduced a new concept
of nuclear instrumentation system [33]. This new measurement system could make measurements in active neutron
condition, especially time stamping, as well as photon
gamma spectrometry. This development measurement system aims to optimize nuclear fuel cycle. Badawy and EIGammal measured the low enriched uranium fuel cycle
pellets for a nuclear reactor by a passive nondestructive
assay technique [34]. The method adopted a high-resolution
germanium detector gamma-ray spectrometer. It is based on
the measurement of a certain characteristic gamma-rays peak
of the U235 in the nuclear fuel pellets. Gavron et al. analyzed the potential capability of using lead slowing down
spectrometer technology in assaying spent fuel [35]. Das
et al. described the development of a spectrophotometric

In this section, many nuclear instrumentations and measurement methods for safe and secure environmental applications will be discussed. Recently, the mainly nuclear instrumentations and measurement methods include Nondestructive Assay (NDA) techniques, Temperature Semiconductor
(TS) detector, Na/I detector, High Pressure xenon (HPXe)
detector, plastic scintillator, genetic programming algorithm,
automated analytical chemistry laboratory instrumentation
and tamper-resistant liquid level/accountability instrumentation, system, which can be used for guarantee safeguards
and homeland security.
Nuclear safeguards rely, in part, on NDA verification of
nuclear material. Typically, the International Atomic Energy
Agency (IAEA) relies on both neutron and gamma raybased NDA techniques for verification measurements. These
verifications can be either qualitative or quantitative. Belian
et al. described the techniques used to calibrate NDA instrumentation using Monte Carlo (MC) methods and reported
the outcome of these calibrations [39]. Peter et al. outlined
the traditional safeguards instrumentation approach and
eﬀorts that aim at verifying the correctness of information about declared nuclear materials and facilities, mainly
including materials accountancy, materials composition
measurements, and containment verification [40]. The traditional measurement technologies for detection of declared
materials consist of NDA, which include primarily neutron
and gamma measurement methods, Unattended Radiation
Monitoring Systems (URMSs), other measurement and
monitoring systems. LaFleur et al. presented an NDA technique called Self-Interrogation Neutron Resonance Densitometry (SINRD) which is currently being developed at Los
Alamos National Laboratory (LANL) to improve existing
nuclear safeguards measurements for Light Water Reactor
(LWR) fuel assemblies [41]. East et al. described four systems
developed at the Los Alamos Scientific Laboratory (LASL)
for nondestructive analysis of nuclear fuel materials [42].
They utilized either minicomputers or a programmable calculator for data analysis and measurement control.
An important issue in nuclear safeguards is verification
of operator-declared data of spent nuclear fuel. Various techniques have been assigned for this purpose. A nondestructive
approach is used in the measurement of gamma radiation
from spent nuclear fuel assemblies. By this technique,
parameters such as burnup and cooling time can be
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calculated or verified. Willman et al. utilized gamma rays
from 137 Cs, 134 Cs, and 154 Eu to determine the consistency
of operator-declared information [43]. Khusainov et al.
developed a portable gamma spectrometer with a unique,
near room TS detector to close this gap [44]. Swoboda et al.
investigated a new spectral gamma detector for potential
use in hand-held radioisotope identification devices. The socalled standard Na/I detector is compared with other new
scintillation and room TS detectors [45]. There has been
a long-standing need for a room-temperature gamma-ray
detector system with high eﬃciency and adequate resolution
for nuclear safeguards applications [46]. The HPXe detector
oﬀers resolution, eﬃciency, intrinsic radiation resistance,
and temperature stability, which can be a viable candidate
for extensive application in nuclear safeguards. Wang et al.
utilized two plutonium samples of known isotopic content
and a broad range of gamma-ray uranium standards to show
the gamma ray information from suppressed and one planar
High Purity Germanium (HPGe) detectors [47].
Active nuclear safeguards measurements that rely on the
time correlation between fast gamma rays and neutrons
radioactive from the same fission are becoming a useful technique. Marseguerra et al. reported the results of using a 252 Cf
source for the calibration of a plastic scintillator in nuclear
safeguards experiments [48]. Pozzi and Segovia presented a
method to estimate the mass of uranium oxide samples based
on 252 Cf source-driven noise-analysis measurements [49].
The experiments results showed that the mass of the samples
can be successfully predicted using a genetic programming
algorithm. Vermaercke et al. and Frazzini discussed a highly
rapid and precise measurement of the plutonium and uranium content of nuclear materials, respectively [50, 51]. The
instrumentation includes a constant-current coulometric
titrator and gravimetric titrator for uranium measurements
and a controlled-potential coulometry system for plutonium measurements. They invented Probabilistic Safety
Assessment (PSA) that has proved to be an eﬀective method
for safety analysis and risk-based decisions [52]. Lu and
Jiang provided an overview of PSA applications in three
areas of digital Instrumentation and Control (IC) systems in
nuclear power plants [53]. Radiation monitoring is one of
the diagnosis methods for nuclear safeguards measurements
which is used to protect against the theft of Special Nuclear
Materials (SNM) by pedestrians departing from SNM access
areas [54]. Letourneau et al. reviewed the Nucifer detector
which is interested in developing new safeguard techniques
for next generation new reactors [55]. The large flux of
neutrinos that leaves a nuclear reactor carries information
about two quantities of interest for nuclear safeguard for
reactor power and fissile inventory [56]. Cabrera-Palmer et
al. have demonstrated the antineutrino-based nuclear reactor
monitoring was feasible when using a relatively small cubic
scale detector made of gadolinium loaded liquid scintillator at tens of meters standoﬀ from a Pressurized Water
Reactor (PWR) [57]. The sketch is shown in Figure 5. Parsons and Wells tested and developed a tamper-resistant liquid
level instrumentation system for safeguards [58]. Their
testing demonstrated the accuracy of liquid level measurement using Time Domain Reflectometry (TDR) techniques
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Figure 5: A schematic of the pressurized water Cherenkov detector.

and the accuracy of diﬀerential temperature and pressure
measurements utilizing a custom-designed liquid level sensor probe.

5. Nuclear Accident, after Action, and Analysis
Nuclear accident is bloodcurdling for humanity, so we
should positively prevent the nuclear accidents and analyse
the damage caused by nuclear accident. There are diﬀerent measuring devices and methods used for diagnosing
accidental conditions, monitoring and alarming of nuclear
equipment in accidental conditions, and analysis of nuclear
accident. Instruments and measurements methods consist
of Support Vector Classification (SVC), Group Method of
Data Handling (GMDH), Support Vector Machines (SVM),
Support Vector Regression (SVR), Probabilistic Neural Network (PNN), Back Propagation Network Algorithm (BPNA),
Alarm Filtering and Diagnostic System (AFDS), Gamma
Spectrometry (GS), Accelerator Mass Spectrometry (AMS),
Solid State Nuclear Track Detectors (SSNTD), and so forth.
As a means of eﬀectively managing severe accidents at
nuclear power plants, it is important to identify and diagnose
accident initiating events within a short time interval [59].
The main objective of many systems was the diagnosis of
the Loss of Coolant Accidents (LOCA) which uses artificial intelligence techniques, such as GMDH and SVC. Neutron Radiography (NR) was applied for investigations of
control rod behaviour and nuclear fuel cladding during
steam oxidation at temperatures between 1123 and 1673 K
under severe nuclear accident conditions [60]. Nuclear plant
operators are provided with only partial information during
the accident or they may have insuﬃcient time to analyze the
data despite being provided with considerable information,
so it is very diﬃcult for operators to predict the progression
of LOCA. Na et al. used SVM to identify the break location
of an LOCA and predict the break size using the SVC
and SVR [61]. Na et al. designed a PNN that has been
applied well to the classification problems in order to classify
accidents into groups of original events such as LOCA,
Station Blackout (SBO), Total Loss of Feedwater (TLOFW),
and Steam Generator Tube Rupture (SGTR). They also
designed a Fuzzy Neural Network (FNN) to identify their
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major serious accident scenarios after the initiating events
[62]. The sketch is shown in Figure 6.
Recently, the Fukushima accident showed the Station
Blackout (SBO) is an important cause of core damage
severe accident and radiological releases [63]. Patterson and
Sc described the alarm analysis called Digital Computer
System (DCS) which has been installed and is now operating
in nuclear power reactor at Oldbury [64]. Cheon et al.
reported the feasibility study of multiple alarm diagnosis and
processing system using Neural Networks (NNs) [65]. The
BPNA is applied to the training of multiple alarm patterns for
the identification of faults in a Reactor Coolant Pump (RCP)
system. The general mapping capability of the NN enables to
identify a fault easily. An on-line fuzzy expert system, called
AFDS, was described to provide the operators with vivid
alarm photograph and system extensive failure information
during anomalous states through alarm diagnosis and
filtering [66]. Cheon et al. described the development
strategies of a prototype expert system, called Expert System
for Multiple Alarm Diagnosis and Processing (ESMADP) for
multiple alarm diagnosis and processing in nuclear power
plants [67]. The sketch is shown in Figure 7. This system is
designed to assist operators to diagnose the nuclear power
plant malfunction and to identify a dominating causal alarm
among multiple fired alarms quickly.
The release of Fission Products (FPs) plays a critical role
in the source term of the environment FP from a Pressurized

Water Reactor (PWR) during a hypothetical severe accident
is a major target in nuclear reactor safety assessment. Gamma
spectrometry is the main tool used to quantify FP releases
from environment. Ducros et al. applied the on-line gamma
spectrometry equipment to investigate fuel samples and
measure FP release kinetics during the experiments, and the
gamma scanning bench devoted to calculate the FP balances
after the test [68]. Mitev et al. reported the results from
measurements of 131 I, 134 Cs, and 137 Cs of environmental
samples after the Fukushima accident in Bulgaria [69].
Measurements were performed by high volume air sampling
on glass fiber aerosol filters the consequence showed 131 I
concentrations are in the range of 31–2240 ut Bq/m3 , 134 Cs
and 137 Cs concentrations are in the range of 33–456 ut Bq/m3
and 38–637 ut Bq/m3 , respectively. Also, Endo et al. carried
out soil sampling consequence at an early stage of the
Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident
[70]. They used Ge detector to identify and measure
radioactive contaminants in soil including 129m Te, 129 Te,
131 I, 132 Te, 132 I, 134 Cs, 136 Cs, 137 Cs, 140 Ba, and 140 La. The
consequence showed large amounts of radioactive substances
were released into the environment after the Fukushima
nuclear accident. Amano et al. collected daily samples of air
and tap water starting directly after the Fukushima nuclear
incident and measured their radioactivity by gamma spectrometry [71]. Perrot et al. performed the low background
gamma spectrometry measurements 137 Cs, 131 I and 134 I
activities with HPGe detectors at the prisna platform located
at the Centre d’Etudes Nucléaires de Bordeaux Gradignan
(CENBG) laboratory in Bordeaux, France [72].
The Chernobyl nuclear reactor accident which occurred
on April 26, 1986 is well known to have injected into the
atmosphere a pulse of a large number of radionuclides.
Paul et al. measured the concentrations of the long-lived
radionuclide 129 I in environmental samples collected in Israel
and Europe after the nuclear reactor accident [73]. The measurements were performed by Rehovot Pelletron Accelerator
(RPA) and Accelerator Mass Spectrometry (AMS). Gasparro
et al. described γ-ray spectrometry measurements undertaken in a range of underground laboratories for the purpose
of measuring 60 Co more than 2 years after the Chernobyl
nuclear reactor criticality event [74]. The measurements
consequence showed that neutron fluence determined from
60 Co activity is in agreement with previous measurements
using the short-lived radionuclides 59 Fe and 51 Cr. Nikolaev
applied many track methods and devices to investigate the
conduct after Chernobyl nuclear reactor radiation accidents.
They used SSNTD for the measurements of contamination in
air, water, soil, biological and other objects of α-ray radionuclides, as well as for estimation of neutron doses by means
of accident dosimeters [75]. In addition, Bernhardsson et al.
discussed the variations and diﬀerences of the internal and
external radiation exposure of the inhabitants of several villages in the Bryansk region of Russia nearby Chernobyl [76].

6. Conclusions
In this paper, the advanced measurement methods and
instrumentation for nuclear installations are reviewed.
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The development of the measuring (instrumentation) methods for nuclear installations and the applications of these
instruments and methods are presented. Various instruments and measurement methods used in all aspects of
nuclear technology, that is, nuclear power reactors, nuclear
fuel cycle, safeguards and homeland security, nuclear accident, after action, and analysis, are discussed in detail. The
instruments mainly include all kinds of detectors, thermometers, counters, thermocouples, spectrometers, fiber
sensors, chambers, and calorimeter. The measurement methods mostly consist of various noncontact measurement
methods based on optics, electrons, and magnetics.

Acknowledgments
This work was supported by the National Natural Science
Foundation of China (11272368), by the Natural Science
Foundation Project of CQ CSTC (2010BB2087), and by the
Natural Science Foundation Project of Chongqing Education
Commission (CQEC, KJ110822).

References
[1] C. Guerrero, E. Berthoumieux, D. Cano-Ott, F. Gunsing, E.
Mendoza, and S. Andriamonje, “A new set-up for the simultaneous measurement of neutro-induced capture and fission
reactions,” in Proceedings of the 2nd International Conference
on Advancements in Nuclear Instrumentation Measurement
Methods and Their Applications (ANIMMA’11), Ghent, Belgium, June 2011.
[2] I. Bolshakova, V. Chekanov, I. Duran et al., “Methods and
instrumentation for investigating hall sensors during their
irradiation in nuclear research reactors,” in Proceedings of
the 1st International Conference on Advancements in Nuclear
Instrumentation, Measurement Methods and Their Applications
(ANIMMA’09), Marseille, France, June 2009.
[3] R. I. Scherpelz and J. E. Tanner, “Neutron measurements at
nuclear power reactors [55],” Nuclear Instruments and Methods
in Physics Research A, vol. 476, no. 1-2, pp. 400–404, 2002.
[4] D. Fourmentel, J.-F. Villard, A. Lyoussi et al., “Combined
analysis of neutron and photon flux measurements for the
Jules Horowitz reactor core mapping,” in Proceedings of the
2nd International Conference on Advancements in Nuclear
Instrumentation, Measurement Methods and Their Applications
(ANIMMA’11), Ghent, Belgium, June 2011.
[5] H. G. Brixy, “Temperature measurement in nuclear reactors
by noise thermometry,” Nuclear Instruments and Methods, vol.
97, no. 1, pp. 75–80, 1971.
[6] T. Bily and L. Sklenka, “Neutronic design of instrumentation
for thermal eﬀects measurement on VR-1 reactor,” in Proceedings of the 1st International Conference on Advancements
in Nuclear Instrumentation, Measurement Methods and Their
Applications (ANIMMA’09), Marseille, France, June 2009.
[7] J. L. Rempe, D. L. Knudson, J. E. Daw et al., “Enhanced in-pile
instrumentation at the advanced test reactor,” in Proceedings
of the 2nd International Conference on Advancements in Nuclear
Instrumentation, Measurement Methods and Their Applications
(ANIMMA’11), Ghent, Belgium, June 2011.
[8] A. Porta, V. M. Bui, M. Cribier et al., “Reactor neutrino detection for non-proliferation with the NUCIFER experiment,”
IEEE Transactions on Nuclear Science, vol. 57, no. 5, pp. 2732–
2739, 2010.

7
[9] J. F. Villard, S. Fourrez, D. Fourmentel, and A. Legrand,
“Improving high-temperature measurements in nuclear reactors with Mo/Nb thermocouples,” International Journal of
Thermophysics, vol. 29, no. 5, pp. 1848–1857, 2008.
[10] G. Cheymol, B. Brichard, and J. F. Villard, “Fibre optics
for metrology in nuclear research reactors applications to
dimensional measurements,” in Proceedings of the 1st International Conference on Advancements in Nuclear Instrumentation,
Measurement Methods and Their Applications (ANIMMA’09),
Marseille, France, June 2009.
[11] G. Y. Buimistriuc and A. M. Rogov, “Intelligent fiber optic
pressure sensor for measurements in extreme conditions,” in
Proceedings of the 1st International Conference on Advancements in Nuclear Instrumentation, Measurement Methods and
Their Applications (ANIMMA’09), Marseille, France, June
2009.
[12] C. Papastefanou, “Measurement of neutron flux and albedo
of water for thermal neutrons with foils of indium in a
subcritical nuclear reactor,” Journal of Radioanalytical and
Nuclear Chemistry, vol. 261, no. 3, pp. 671–678, 2004.
[13] Y. G. Li, Y. Q. Shi, Y. B. Zhang, and P. Xia, “Reactor fission rate
measurement for miniature neutron source reactor by solid
state nuclear track detector,” Radiation Measurements, vol. 34,
no. 1–6, pp. 589–591, 2001.
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In this investigation, neutron capture therapy (NCT) through high energy neutrons using Monte Carlo method has been studied.
In this study a new method of NCT for a sample liver phantom has been defined, and interaction of 12 MeV neutrons with a
multilayer spherical phantom is considered. In order to reach the desirable energy range of neutrons in accord with required
energy in absence of eligible clinical neutron source for NCT, this model of phantom might be utilized. The neutron flux and the
deposited dose in the all components and diﬀerent layers of the mentioned phantom are computed by Monte Carlo simulation. The
results of Monte Carlo method are compared with analytical method results so that by using a computer program in Turbo-Pascal
programming, the deposited dose in the liver phantom has been computed.

1. Introduction
Neutron capture therapy (NCT) has been one of the most
important methods for treatment of cancers in recent years.
This method of radiation therapy is applicable in treatment
of liver cancer. During clinical practice, it is always essential
to stop absorption of additional dose by normal tissue.
On the other hand, measurement and assessment of the
absorbed dose and its calibration is an important matter
[1, 2]. Thus computation and modeling of the deposited
dose by Monte Carlo method before practical treatment is
recommended. An appropriate software tool for this purpose
is MCNP4C code. It is a particular engineering solution
when BNCT facilities such as low energy neutron source are
not available.
In this paper for simulation by MCNP4C code, a phantom is considered so that it has been encased by polyethylene
sphere with 20 cm radius. This sphere is covered with a
layer of cadmium which has 100 μm thickness [3, 4]. The
cadmium layer has high absorption cross-section for thermal
neutrons and helps to reentrance the scattered neutrons from
surface of the sphere to the phantom [5]. The polyethylene
sphere is surrounded by a graphite shell which has 25 cm
radius and 5 mm thickness (according to moderation ratio:

ξ(Σs /Σa )). This layer serves as a reflector to reduce escaping
the fast neutrons [6].
In the present work, neutrons are emitted from an
external source, and after passing through polyethylene and
slowing down, their deposited energy in the phantom’s
materials is computed by the MCNP4C code. The F6 tally
in the MCNP4C code is applied. The absorbed energy in the
liver is computed through analytical computations as well.
It includes generation of random numbers along with using
the neutron diﬀusion equation [7]. The outcomes of two
methods are finally compared.
The results of computation provide assurance that
whether the absorbed dose in cancerous and healthy tissues
is in accord with requirements [8, 9]. Then neutron therapy
would be implemented on the patient. In neutron capture
therapy it is suggested to use monoenergetic neutrons. For
this purpose, one choice is D-Be source which produces
14 MeV neutrons [10].
As Am-Be source produces a wide spectrum of neutron
energies, thus, is not suitable for this purpose [11]. Liver
tissue includes substances such as water, glycogen, and
heavy molecules like protein. Figure 1 shows interaction of
incident neutron and depositing the energy during neutron
irradiation.
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Table 1: The components and the structural materials of a liver
tissue (relating to male sex).
Mass percent
69.69%
0.35%
29.9%

Material
Water
Glycogen (C24 H42 O21 )
Protein and Glucose
(C44189 H71252 N12428 O14007 S321 and C6 H12 O6 )

takes place with a specific probability with a magnitude
proportional to related interaction cross-section according to
following equations (1)–(4):

H(Elastic)



P1 =



C(Elastic)



P2 =

,

tot

tot

(1)
.

The probability of inelastic scattering in carbon (for the first
excitation level in: 4.43 MeV):
Incident neutron (En )

Deposited
energy ( ER )



P3 =  C .

Polyethylene
sphere

Tissue

Figure 1: The emitted neutron from source and entering into
sphere including tissue.

2. Monte Carlo Calculations
To simulate neutron therapy and related dosimetry, a
phantom is considered as shown in Figure 2.
Figure 3 depicts the geometry which has been defined
by MCNP4C code, and Figure 4 is a schematic view of the
physical shape of the phantom.
Laboratory experiments have already rendered the
precise molecular composition of liver tissue according to
Table 1 [12].
The composition and geometrical data belonging to liver
tissue have been given to MCNP4C as input data [13, 14]. In
the simulation, neutron slowing down has been taken into
account as well [15]. The input data to MCNP4C code are
the radius of polyethylene sphere (20 cm), the thickness of
cadmium layer (100 μm), radius and thickness of graphite
reflector (25 cm and 5 mm, resp.), and the weight of liver
tissue that is 190 g.

The probability of inelastic scattering in carbon (for the
second excitation level in: 7.65 MeV):


P4 = C .

It is essential to obtain data on neutron scattering crosssection and its angular distribution because of computing the
neutron penetration in liver tissue (or in the corresponding
equivalent material) and obtaining the absorbed energy in
it. Since neutrons pass through the polyethylene sphere, the
knowledge about neutron angular distribution after scattering is vital. Thus, using the random sampling techniques
might help to compute the probability of those neutrons
which might be scattered in a definite angle [16]. Since it
might be comprehended, the atomic composition of the soft
tissue is approximated as well with hydrocarbon materials.
In the process of neutron transport in matter, it is
subjected to three major kinds of interactions with carbon
and hydrogen nuclei. These are elastic scattering, inelastic
scattering, and radioactive capture. Each kind of interactions

(3)

tot

The probability of neutron absorption in hydrogen and
carbon:


C

P5 =

+




H(absorption)



tot

.

(4)

Collision of neutrons on carbon and hydrogen nuclei is
caused to transfer some energy from neutrons to the target
nucleus. The recoiled nucleus moves a short distance through
the matter and deposits energy along its path. The problem
is to compute the energy of recoiled nucleus. By using the
Monte Carlo method, collision history of each neutron might
be tracked down to the energy where it is either absorbed or
escapes from the volume of material.
The lost energy of neutron in each elastic scattering is
described by (5):
E1 − E2 (cos θ)P(cos θ)d(cos θ).

(5)

E2 is also obtained by the following equation (6):
E2 = E1 ·

3. Analytical Calculations

(2)

tot

A2 + 2A cos θ + 1
.
(A + 1)2

(6)

Thus the average energy of recoiled nucleus through assuming the isotropic scattering is
ER =

2AE1
.
(A + 1)2

(7)

The inelastic scattering of neutron in polyethylene is important. There are two excited statuses in carbon nucleus,
namely, 4.43 MeV and 7.65 MeV. Thus remarkable value of
energy is absorbed in the recoiled nucleus, and ER is less than
the energy of inelastic scattered neutrons [17].
The transferred energy to a recoiled nucleus with mass
number A due to collision of a neutron with energy En is
computed with (8) [18]:
ER =

2A
En cos2 ψ.
(A + 1)2

(8)
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3

Cadmium layer with
thickness: 100 µm

Neutron source

Collimator
n

Reflector with thickness:
5 mm and radius: 25 cm
consisting of graphite
Phantom
(liver tissue)

Polyethylene sphere

Figure 2: The sphere including the liver tissue for the neutron capture therapy.

Figure 3: The geometry of the phantom defined by MCNP4C code.

At 14 MeV the contribution of recoiled proton (hydrogen
nucleus) is related to energy deposition phenomenon, that
is, 66% of total, and the rest is due to α particle plus other
heavy nuclei [20, 21].
In fact, the penetration of neutron through polyethylene
sphere and its interaction in liver tissue require precise
knowledge about interaction cross-sections and angular
distribution of the scattered neutron.
For this purpose by using the Turbo-Pascal programming and considering several values for En in the interval
0.001–12 MeV and providing the mass number (A) of the
components of the phantom as the input to the program,
the absorbed dose in the liver tissue (ER ) and other
components such as polyethylene sphere, air, and collimator
are computed [Gy]. The number of neutron collisions is
calculated according to (9):

n=

ln(En /ER )
.
ξ

(9)

In order to determine absorbed dose in the phantom or other
components such as polyethylene, the numeric range of En
(energy of incident neutrons) and ER (deposited energy) into
the number of neutron collisions (n) is divided, and then its
value is added to early energy (10):

ER(new) = ER +

En − ER
.
n

(10)

Figure 4: The schematic view (3D) of the related geometry.

Since remarkable percentage of the soft tissue is hydrogen,
the interaction of neutron with hydrogen must be studied as
well. Approximately 85%–95% of neutron energy transferred
to soft tissue is attributed to its interaction with hydrogen
[19]. For instance, for En > 8 MeV the (α, n) reaction
makes the significant fraction of absorbed dose in the tissue.

The Turbo-Pascal programming which has been developed
in the present work computes the energy transferred from
incident neutrons to the tissue based on given neutron
energy, scattering angle (ψ), and mass number of the target
nuclei.
Figure 5 shows a schematic view of the phantom which
is comprised by four layers. A hypothetical track and slowing
down of neutron in consecutive collisions are shown as well.
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ER
En

Neutron source
(En )

Phantom
(liver tissue)

n

Polyethylene sphere

Figure 5: The collision of emitted neutron from the external source to the polyethylene shell.

×10−8

ER = En e−nξ ,

(11)

n(λtr )2
,
3

L2sl =




3L2
n = 2sl ≈ tr =
λtr
sl

a+

(12)



s (1 − (2/3A))



sl

.

Absorbed dose (Gy)

Some useful equations in analyzing the energy transfer of
neutron from high energy to the medium are according to
(11)-(12) [22]:

Thus,


n≈

a+

10
9
8
7
6
5
4
3
2
1
0
0



s (1 − (2/3A))



sl

.

(13)

a

+



s (1−(2/3A)))/



sl )×(2/(A+(2/3)))

6

8

10

12

Absorbed dose (MCNP4C)
Absorbed dose (Turbo-Pascal)

Figure 6: The absorbed dose in the liver tissue.

. (14)

The variables of A, En , and Σsl are as the inputs for
Turbo-Pascal programming so that En is inputted: 12 MeV.
Therefore according to (14) the values of absorbed dose
in the phantom and other components using Turbo-Pascal
programming are obtained.

4. Results
The derived graphs for absorbed dose in the liver tissue
and other components of mentioned system (per emitted
neutrons) by both Monte Carlo simulation with nps: 106
and analytical method (Turbo-Pascal programming) are as
Figures 6, 7, 8, 9, 10, 11, and 12.
In addition the neutron fluence [n/cm2 ] or on the other
hand the number of neutrons which reach the liver tissue and
other components is obtained as Figure 13. Meantime the
X-axis means the neutron energies reached the phantom’s
components that are low energies [eV].

5. Conclusion
The absorbed dose by liver tissue in the course of neutron
capture therapy has been simulated as function of irradiation
time and neutron physical data. This simulation might be

×10−7

2.5
Absorbed dose (Gy)



4

Neutron energy (MeV)

According to (11), (14) is obtained as follows:
ER = En e−nξ = En e−((

2

2
1.5
1
0.5
0
0

5
10
Neutron energy (MeV)

15

Absorbed energy (MCNP4C)
Absorbed energy (Turbo-Pascal)

Figure 7: The absorbed dose in the polyethylene sphere.

carried out for various shapes and size of liver, and the results
must be saved in a data bank. For each patient, in accord
with given required dose for treatment by the clinic and also
knowing the specifications of neutron source, the eligible
irradiation time according to both the neutron fluence
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Figure 8: The absorbed dose in the cadmium layer.
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Figure 11: The absorbed doses in the liver tissue and other components obtained by MCNP4C.
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2
0
0E+00

5E+06

1E+07

1.5E+07

Neutron energy (eV)
×10−7

Absorbed dose in tissue
Absorbed energy in cadmium
Absorbed energy in collimator

Absorbed dose (Gy)

2.5
2

Absorbed energy
in polyethylene
Absorbed energy in air

Figure 12: The absorbed doses in the liver tissue and other components obtained by Turbo-Pascal programming.
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15

and energy of existing clinical neutron source through the
present simulation is obtained. Meantime the neutron energy
reached the eligible interval of energy on the tissue computed
by (14).
Therefore in case there is no eligible clinical neutron
source for NCT, then this model of phantom might be utilized to reach the desirable energy range of neutrons according to the required energy in NCT.
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Figure 13: The neutron fluence in the phantom’s components obtained by MCNP4C.

From Figures 6–10 it is observed that within neutron
energy range of 0.001 eV–8 MeV the computed dose by
Turbo-Pascal programming is approximately similar to
obtained results by MCNP code, and the derived graphs
of both methods agree together as well for neutron energy
below 8 MeV. Actually, through increasing incident neutron
energy, the absorbed dose is increased. For neutron energy
above 8 MeV, the results of these two approaches produce
significant error. This is because of computation based on
MCNP code that computation bases of this code are transport equation and neutron tracking. The equations in TurboPascal programming include diﬀusion approximations. In
addition for neutron energy greater than 8 MeV, (n, α)
reactions become more probable to occur. In such nonelastic
reactions, the angular distribution of incident neutron and
the recoiled nucleus are complicated more than lower
energies. This is observed in Figure 7 for polyethylene as well.
The absorbed dose in polyethylene phantom is increased
through neutron energy so that excess doses may be delivered
to the liver tissue. Meantime the absorbed doses because of
thermal and epithermal neutron irradiation are negligible.

Nomenclature
P1 , P2 , P3 , P4 , P5 : Probability of events
Initial energy of neutron
E1 :
Final energy of neutron after
E2 :
interaction
ψ:
The angle between the course of
projectile neutron and recoiled
nucleus in the laboratory system
n:
The number of collisions to reach the
eligible energy

ξ:
Lsl :
λtr :
Σtr :
Σsl :
Σa :
Σs :
Σtot :
ΣC :
ΣH :

Mass number of the components of the
phantom
Energy of incident neutron
Deposited energy
The energy of thermal neutrons which have
reached the eligible energy
Lethargy
Slowing down length
Mean free distance of transport
Macroscopic transport cross-section
Macroscopic slowing down cross section
Macroscopic absorption cross section
Macroscopic scattering cross section
Macroscopic total cross section
Macroscopic absorption cross section for
carbon
Macroscopic absorption cross section for
hydrogen.
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In the experimental investigations of inertial confinement fusion, the laser-produced high-temperature plasma contains very
abundant information, such as the electron temperature and density, ionization. In order to diagnose laser-plasma distribution in
space and evolution in time, an elliptical curved crystal spectrometer has been developed and applied to diagnose X-ray of laserproduced plasma in 0.2∼2.46 nm region. According to the theory of Bragg diﬀraction, four kinds of crystal including LiF, PET,
MiCa, and KAP were chosen as dispersive elements. The distance of crystal lattice varies from 0.4 to 2.6 nm. Bragg angle is in the
range of 30◦ ∼67.5◦ , and the spectral detection angle is in 55.4◦ ∼134◦ . The curved crystal spectrometer mainly consists of elliptical
curved crystal analyzer, vacuum configuration, aligning device, spectral detectors and three-dimensional microadjustment devices.
The spectrographic experiment was carried out on the XG-2 laser facility. Emission spectrum of Al plasmas, Ti plasma, and
Au plasmas have been successfully recorded by using X-ray CCD camera. It is demonstrated experimentally that the measured
wavelength is accorded with the theoretical value.

1. Introduction
A large number of high-temperature and high-density plasmas are produced by laser irradiating the target, and the Xray spectra emitted from them contain very abundant information, from which the electron temperature and density
can be deduced. It is also a powerful tool to investigate the
plasma formation and evolution, and it plays a significant
role in the inertial confinement fusion experiments [1–4]. In
the recent years, many spectrographs have been developed to
measure the laser-produced plasma X-ray, among them, the
grating spectrographs [5, 6] have been used to measure Xray in the low energy region, and the flat and bent crystal
spectrographs [7–16] have been designed to measure Xray in the high-energy region. Compared with the grating
spectrographs, because the crystal lattice spacing of the
diﬀracting planes is very short up to nanometer order, the
crystal spectrographs can be applied to measure the shorter
X-ray by using the natural or artificial crystals as the dispersive elements. In this paper, we describe an elliptically
bent crystal spectrograph with a 0.9586 eccentricity, a

long 1350 mm focal distance, and a 30∼67.5 degree Bragg
angle.

2. Optical System Design
2.1. Elliptical Focusing Light Path. The characteristic of
optical system is an elliptical geometry. The X-ray source is
located at the front focal point. The X-rays diﬀracted by the
elliptically curved crystal are focused at the rear focal point
where a width-adjustable exit slit is positioned, and a piece of
filter foiler is placed over the exit slit to cut oﬀ the stray light.
The light path is shown in Figure 1. The X-ray CCD or streak
cameras are eﬀectively applied to simultaneously measure
X-ray spectra of a nanosecond source with the spatial and
temporal resolutions on the back of the rear focal point.
The elliptical eccentricity and focal length are 0.9586 and
1350 mm, respectively. And the whole optical path length
is 1456 mm. As the two same elliptical crystal analyzers
were placed symmetrically, the upper channel is to get
space resolved spectra by X-CCD, and the other channel
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Figure 1: Light path of curved crystal spectrograph.

Figure 3: Double-channel elliptically curved crystal spectrograph.
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Figure 2: Bragg reflection.

Table 1: Wavelength range analyzed by four crystals.
Crystal
LiF
PET
Mica
KAP

hkl
(200)
(002)
(002)
(1010)

2d (nm)
0.403
0.874
1.984
2.663

Wavelength (nm)
0.20∼0.37
0.44∼0.81
0.99∼1.83
1.33∼2.46

is used to measure time-resolved spectra by streak camera
synchronously.
2.2. X-Ray Diﬀracted by the Crystal. The LiF, PET, Mica and
KAP crystals have been used as dispersive elements in the
elliptical spectrometer. When the X-ray is reflected by the
crystal, the atoms or ions in the crystal lattice become the
wave source of the subwave which emits the reflective wave
in every direction, then two rows of reflective waves arouse
diﬀraction after interference, which is shown in Figure 2.
The four crystals have diﬀerent d values; according to
the Bragg diﬀraction theory, we can calculate the X-ray
wavelength range measured by these crystals and illustrate in
Table 1.

3. Configuration Design
The Curved crystal spectrometer mainly consists of elliptical curved crystal analyzer, vacuum configuration, aligning device, spectral detectors, three-dimensional microadjustment devices, and so on. The whole system is shown
in Figure 3.

Figure 4: Elliptical curved crystal analyzer.

3.1. Elliptical Curved Crystal Analyzer. Elliptical curved crystal analyzer is the key part of spectrometer which determines
the measuring region of X-ray wavelength. The analyzer of
the elliptical profile was machined into a suitable substrate
material using a computer-controlled milling machine. Since
the peculiar technics about bending and sticking is adopted,
the diﬀractive crystal can be fixed to the substrate material,
thickness of which is just 2 mm. The size of the elliptical
substrate material is 125.64 mm in length and 8 mm in width.
Elliptical curved crystal analyzer is shown in Figure 4.
3.2. Vacuum Configuration. Because the X-ray is easily
absorbed in the atmosphere, the spectrometer must work in
the vacuum condition. Furthermore, the X-ray steak camera
can be used in the vacuum circumstance above 10−3 Pa, or
its photocathode imaging plane will be burned. After the
spectrometer is stalled on the port of the target chamber,
it is pumped by the vacuum system of the target chamber.
However, the distance is about 1500 mm from the target to
the imaging plane; due to the vacuum grade, the vacuum
level does not reach to 10−3 Pa in the photocathode plane.
Considering the above factors, the spectrometer has its own
vacuum system, which consists of the manually operated
gate valve for separating the spectrometer housing air from

Science and Technology of Nuclear Installations

3

the target chamber, the vacuum meter, the molecular, and
mechanical pumps through which the housing is pumped
alone in spite of the atmospheric pressure in the target
chamber.
3.3. Aligning Device. A small hole is drilled for aligning the
analyzer to the target. The spectrometer may be rotated
around the bellows in the front of the stainless-steel housing,
moved in the horizontal plane through the spherical guides,
and lifted through the carrier rods under the housing. In
order to get a precise optical alignment for the elliptical
X-ray analyzer, a laser diastimeter with 1 mm resolving
precision is installed on the rear of the housing. Moreover,
an alignment telescope is posited near the spectrometer
to achieve magnifying observation of the small planar
target.
A new method using the laser range finder for alignment
and measurement to the spectrometer is advanced. The laser
emitted from range finder thrills through the rear focal
point, is reflected by surface of elliptical material, arrives the
target in the end. This method can ensure the veracity and
convenience during the adjustment progress.
3.4. Other Devices. Except dispersive elements, vacuum configuration, and aligning device, the curved crystal spectrometer also includes spectral detectors, and three dimensional
micro-adjustment device. The spectral detector use photograph camera, CCD camera or stripe camera to obtain X-ray.
The three-dimensional microadjustment device ensure that
the X-ray source is located at the front focal point, and the
X-rays diﬀracted by the elliptically curved crystal are focused
at the rear focal point where a width-adjustable exit slit is
positioned.

Figure 5: Emission spectrum of Ti plasma (LiF).

Figure 6: Emission spectrum of Al plasma (PET).

4. The Physical Experiment and Result Analysis
4.1. Physical Experiment and Calculation. The spectrographic experiment was carried out on the XG-2 laser
facility. The LiF, PET, Mica, and KAP crystals are adopted as
the dispersive elements, which measure X-ray in the
0.20∼0.37, 0.44∼0.81, 0.99∼1.83, and 1.33∼2.46 nm region.
The laser wavelength is 0.35 um, the laser energy is 48 J, the
pulse width is about 700 ps, and the diameter of the focal
spot is about 250 um. Emission spectrum of Al plasmas, Ti
plasmas, and Au plasma has been successfully recorded by
using X-ray CCD camera, which are shown in Figures 5, 6, 7,
and 8.
And according to the relation between the pixel position
and the X-ray wavelength, we can calculate the wavelength of
the peak spectral lines. We also can get the spectral resolution
by the full width at half maximum (FWHM). The calculation
result is shown in Tables 2, 3, 4, and 5. They are demonstrated
experimentally that the measured wavelength is accorded
with the theoretical value. At the same time, experimental
results show that spectral resolution of PET and KAP crystals
is 956 and 1132. Due to the vacuum below 10−3 Pa in the
cathode plane of the X-ray streak camera, we did not measure
the time-resolved spectrum.

Figure 7: Emission spectrum of Au plasma (Mica).

Figure 8: Emission spectrum of Ti plasma (KAP).
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Table 2: X-ray wavelength and resolution of TI plasmas.
25000

Ti

Crystal

Pixel

Wavelength (nm)

Resolution

LiF

1133
1151
1177

0.2660
0.2635
0.2610

190
329
325

Table 3: X-ray wavelength and resolution of Al plasmas.
Target

Al

Crystal

PET

Pixel
9
56
142
380
834

Wavelength (nm)
0.5605
0.5738
0.5983
0.6629
0.7766

Resolution
701
956
299
368
946

20000
Intensity (cps)

Target

15000
10000
5000
0
0

20

40

60

80

100

Diﬀraction angle

Figure 9: Relation between diﬀraction angle and relative intensity
of Mica (002).
Table 4: X-ray wavelength and resolution of Au plasmas.
Target

Mica

Pixel
135
551
627

Wavelength (nm)
1.0907
1.3495
1.3981

Resolution
606
750
999

8.4

(nm)

Au

Crystal

Table 5: X-ray wavelength and resolution of Ti plasmas.
Target

Ti

Crystal

Pixel

Wavelength (nm)

Resolution

KAP

761
772
1150
1273
1315

2.0323
2.0412
2.2679
2.3187
2.3356

924
927
1132
682
730

0
0

(nm)

8.4

Figure 10: Contour of natural Mica.

4.2. Result Analysis. From the emission spectrum of Au
plasma which is obtained by Mica-dispersive element, we
can find that the result is not so satisfied. We especially have
done diﬀraction experiments on Mica (002) coming from
Danba county using RXD-6000 diﬀraction instrument, and
the result is shown in Figure 9. The X-ray is kα spectra of
Cu, and the wavelength is 0.1541874 nm. The work voltage,
current, and operation style are 40 kv, 5 mA, and θ-2θ,
respectively.
From the diﬀraction result, we find that the highest
relatively diﬀraction intensity is on the 5th order not the 1st
order. Then, we have observed the 3D contour of natural
Mica by atom force microscope which is shown in Figure 10
and we find that there are defect and dislocation in the Mica
crystal. Now, we can get a conclusion that the high-order
diﬀraction of Mica crystal results in diﬀraction in several
angles on elliptical curved crystal analyzer although the X-ray
of Au plasma is monochromatic. So we get several spectral
lines not just one line on the CCD detector. By the way, the
defect and dislocation also lead the bend of spectral lines of
Au plasma.

5. Conclusion
We have designed and fabricated a double-channel elliptical
crystal spectrometer, the important optical parameters are
given in this paper, and the construction is also introduced.The spectrographic experiment was carried out on
the XG-2 laser facility, and the emission spectrum of Al
plasmas, Au plasma, and Ti plasmas has been successfully
recorded.
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Mechanical properties in a weld zone are diﬀerent from those in the base material because of diﬀerent microstructures. A spacer
grid in PWR fuel is a structural component with an interconnected and welded array of slotted grid straps. Previous research on
the strength analyses of the spacer grid was performed using base material properties owing to a lack of mechanical properties
in the weld zone. In this study, based on the mechanical properties in the weld zone of the spacer grid recently obtained by an
instrumented indentation technique, the strength analyses considering the mechanical properties in the weld zone were performed,
and the analysis results were compared with the previous research.

1. Introduction
A PWR fuel assembly consists of spacer grids, fuel rods, a top
nozzle, a bottom nozzle, guide tubes, and an instrumentation
tube as shown in Figure 1. Among them, the spacer grid
is a structural component which is an interconnected array
of slotted grid straps and is welded at intersections to form
an egg-crate structure. From a structural point of view, the
spacer grid is required to have enough crush strength under
lateral loads so that nuclear fuel rods are maintained in
a coolable geometry, allowing control rods to be inserted
[1]. The capacity of a spacer grid to resist lateral loads is
usually characterized in terms of its crush strength, and it
was reported [2] that the lateral crush strength of the spacer
grid is closely related with the welding quality of the spacer
grid.
Welding is a very convenient and widely used method to
join simple metallic parts with a complicated structure by
the use of adhesive and cohesive attractive forces between
metals [3]. Microstructures in the weld zone, including a
weld (or fusion zone) and a heat aﬀected zone (HAZ), are
diﬀerent from that in a base material, as shown in Figure 2
[3]. Consequently, the mechanical properties in the weld

zone are diﬀerent from those in the base material to some
extent. When a welded structure is loaded, the mechanical
behavior of the welded structure might be diﬀerent from the
case of a structure with homogeneous mechanical properties.
Nonetheless, mechanical properties in the welded structure
have been neglected in many structural analyses [4–7] of
spacer grids due to a lack of mechanical properties in the
weld zone. Usually, the general way to obtain the mechanical
properties in the weld zone is by taking tensile test specimens
in the fusion zone and HAZ, and by performing a standard
tensile test. However, when the weld zone is very narrow
and the interfaces are not clear, it is hard to take tensile test
specimens in the weld zone. The reason for this is that the
mechanical properties in the base material are usually used
in the structural analyses in the welded structure. It has been
recently known that the ball indentation technique has the
potential to be an excellent substitute for a standard tensile
test, especially in the case of small specimens or propertygradient materials such as welds [8–10].
In this study, to investigate the eﬀect on the mechanical
behavior of the spacer grid when using weld mechanical
properties, strength analyses considering the weld mechanical properties recently obtained [11] by an instrumented
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Figure 1: PWR fuel assembly and spacer grid.

Weld

HAZ

Base material

Figure 2: Microstructure near the weld [3].

indentation technique are performed, and the analysis results
were compared with the results of the previous research using
base material properties.

2. Structure of a Zircaloy Spacer
Grid in PWR Fuel
Zircaloy is the prevailing material of a spacer grid because
of its low neutron absorption characteristic and extensive

successful in-reactor use. A Zircaloy spacer grid and a weld
bead at the intersections of the straps are shown in Figure 1.
Spot welding by a laser beam welding technique is prevalent
in most of the Zircaloy spacer grid manufacturing vendors,
for the purpose of a smaller bead size and a larger weld
penetration at the welding parts. Generally, a spacer grid
with a smaller bead size leads to a smaller pressure drop of
the coolant flowing along the nuclear fuel assembly, which
consequently leads to a reduction in the load on a reactor
coolant pump. In addition, a spacer grid with a deeper weld
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Figure 3: Schematic representation of indentation load-depth curve.
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Figure 4: Etched specimen and indented positions in welded Zircaloy-4 strip.

penetration results in larger crush strength of the spacer grid
[4]. The diameter of the weld bead is about 2 mm and the
width of the HAZ is just below 1 mm for a Zircaloy spacer
grid strip 0.457 mm thick. That is to say, the weld zone
including the weld bead (or fusion zone) and HAZ is very
narrow, and the interfaces are not so clear. Thus, it is usually
diﬃcult to obtain the mechanical properties in the weld zone
from the conventional tensile test specimen.

3. Mechanical Properties in Weld Zone
3.1. Instrumented Indentation Method. Indentation is known
to be a remarkably flexible mechanical test to obtain properties including hardness, Young’s modulus, yield stress, and
tensile strength with minimal specimen preparation [8, 9].
The additional advantage of indentation is the ability to
obtain the mechanical properties in a narrow or inaccessible
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Figure 5: Variation of mechanical properties in welded Zircaloy-4 strip.
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Figure 6: Subsize (7 × 7 array) spacer grid specimen.
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Figure 7: Full-size (16 × 16 array) spacer grid specimen.

Strap

Weld line

Figure 8: Line welding along the intersection of straps.

Table 2: Chemical composition (wt%) of Zircaloy-4.

Table 1: Test condition of instrumented indentation.
Control type
Maximum indentation depth
Number of indentation
Unloading rate
Test speed
Equipment
Indenter type
Diameter of indenter

Displace-controlled test
6 µm
6
50%
0.03 mm/min
Micro AIS
Sphere type indenter
0.05 mm

region through other methods such as uni-axial tension or
a compression test. An instrumented indentation method
continuously measures the load and depth if an indentation
is made. The derived indentation load-depth curve, shown
in Figure 3, can thus be used to determine the mechanical
properties. In this study, a continuous indentation tester
was used to measure the indentation load-depth curve
for Zircaloy-4 and Hastelloy-X welded specimens using a

Zn
Rest

Sn
1.20–1.70

Fe
0.18–0.24

Cr
0.07–0.13

Fe + Cr
0.28–0.37

spherical ball. The test condition using the indentation
tester is summarized in Table 1. Based on the load-depth
curve, mechanical properties such as yield stress and tensile
strength are obtained using the algorithm in the continuous
indentation tester [12].
3.2. Welded Zircaloy-4 Strip. Zircaloy-4 of zirconium alloy
is used as the structural material of nuclear fuel since
it has a superior combination of neutron economy (low
absorption cross-section), high strength to resist deformation, high corrosion resistance to coolant, fuel, and fission
products, and high reliability. The chemical composition of
Zircaloy-4 is summarized in Table 2 [13]. Figure 4 shows
an etched specimen and its indented positions for taking
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Figure 9: FE model of subsize (7 × 7 array) spacer grid.
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Figure 10: FE models using base material properties.
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Figure 11: FE models using weld material properties.
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Figure 12: Stress-strain curve of Zircaloy-4.

the mechanical properties of the base material, the weld bead
(or fusion zone), and the HAZ of the specimen. Figure 5
shows variations of the mechanical properties along lines L1
through L4, as shown in Figure 4. According to Figure 5,
variations of tensile strength and yield stress are dominant
in the weld zone including the weld bead and the HAZ as
compared with the base material.

3.3. Analysis of Measured Data. The average values of the
mechanical properties in the base material, weld bead,
and HAZ are obtained using the measured data shown in
Figure 5. Based on the average mechanical properties in the
base material, the normalizing factors are obtained [11] in
the weld and HAZ to be utilized in the strength analysis later.
The normalizing factors in the base material, the weld, and
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Figure 13: Crush load versus impact velocity.

HAZ are summarized in Table 3. According to Table 3, the
mechanical properties in the weld bead (or fusion zone),
HAZ, and base material are diﬀerent to some extent and,
thus, might aﬀect the structural behavior and crush strength
of the spacer grid.

4. Strength Analysis and Discussion
4.1. Finite Element Modeling. When performing a crush
strength test and analysis on a full-size spacer grid (16 × 16
array) as shown in Figure 6, it requires too much time
and cost to fabricate and model the full-size spacer grid
specimen. Previous research [4, 6] reported that a subsize
spacer grid specimen (7 × 7 array) shows the crush strength

tendency of the full-size spacer grid well when estimating the
crush strength. Thus, as an alternative, a crush strength test
and analysis on the subsize spacer grid specimen shown in
Figure 7 is going to be carried out in this study. Geometric
data of the subsize spacer grid are summarized in Table 4.
To obtain more data for a comparison with the test and
analysis results, three kinds of subsize spacer grid specimen
with diﬀerent weld penetration, namely, one by spot welding
and two by line welding, as shown in Figure 8, have
been prepared. A crush strength test was performed on 5
specimens and the average crush strength was obtained.
An FE model for predicting the crush strength of the
subsize spacer grid has been established, reflecting a real test
environment. Figure 9 shows the FE model of the subsized
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Figure 14: Load path in a strap.

Table 3: Normalized mechanical properties of Zircaloy-4 weld
strip.

Base material
HAZ
Weld

Yield stress
1.000
1.167
1.373

Tensile strength
1.000
1.163
1.492

spacer grid and the boundary condition. As shown in
Figure 9, a rigid and mass element was used for simulating
the impact hammer and all degrees of freedom were fixed at
the rigid surface of the bottom side. The applied boundary
condition simulated the actual test condition. The initial
impact velocity at the reference node (at the center of the
upper rigid surface) is applied, and the output accelerations
for the initial impact velocity are obtained at this node.
The 4-node shell elements were used for the inner/outer
straps. Since the slot width in the inner straps is wider than
the inner strap thickness, there may be a gap at the interconnected parts. Thus, surface-to-node contact elements
were used at these interconnected parts to simulate the
gap conditions. The FE model is composed of 24,448 2D
linear quadrilateral shell elements. Three kinds of FE model
with diﬀerent weld penetration are formulated for the base
material properties shown in Figure 10 and for the weld
material properties shown in Figure 11.

Table 4: Geometric data for the subsize (7 × 7 array) spacer grid
specimen.
Specimen (7 × 7 type)

Strap thickness (mm)
Outer strap A Outer strap B Inner strap
0.664
0.457
0.457

4.2. Finite Element Analysis and Discussion. Crush strength
analyses are carried out using a commercial FE code LSDYNA [14]. Figure 12 shows the elastic-plastic stress-strain
curve of Zircaloy-4 from the unidirectional tensile test [15].
For the crush strength analysis using the base material
properties, the stress-strain curve shown in Figure 12 is used
as the material properties. On the other hand, for the crush
strength analysis using the weld material properties, stressstrain curves in the weld zone including weld and HAZ are
generated by multiplying the stress-strain curve of Figure 12
by normalizing the factors in Table 3. The reaction force of
the subsize spacer grid at each impact velocity is evaluated
by multiplying the maximum acceleration of the model by
the mass of the impact hammer. The reaction force, in
other words, the crush load, increases as the impact velocity
increases.
Figure 13 shows the results of crush strength analyses
on the three kinds of FE model for using the base material
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(a) P-spot welding

(b) P-9.275 mm

(c) P-13.28 mm

Figure 15: Deformed shape using base material properties at maximum crush load.

properties and weld properties. According to Figure 13, the
crush load increases and becomes saturated to the maximum
values as the impact velocity increases, and the maximum
crush loads using weld material properties for three FE
models are about 30% lower than those using base material
properties. In addition, the crush load increases as the weld
line increases from spot welding (2.0 mm) to line welding
of 13.28 mm due to the increase of eﬀective height of the
strap discussed by Song et al. [4–6]. The crush strength is
taken as the crush load from this case, where the linear
slope of the crush load-impact velocity curve as shown in
Figure 13 is apparently changed (over 5%) [4]. Comparisons
of crush strength ratios are summarized in Table 5. According
to Table 5, the crush strength ratio, in other words, the
crush strength, obtained from an FE analysis on the Zircaloy
spacer grid using the base properties is overestimated by
up to about 90%, while the crush strength from using the
weld mechanical properties is overestimated by up to about
50%. In addition, the crush strength of the Zircaloy spacer
grid obtained from the FE analyses using the weld material
properties closes the gap in the test results compared to
those from the analyses using the base material properties.
The reason for this seems to be attributed to yielding and

Table 5: Comparisons of crush strength ratio.
Analysis/Test
with base material with weld material
properties
properties
Spot welding (2.0 mm)
1.94
1.43
Line welding (9.275 mm)
1.93
1.49
Line welding (13.28 mm)
1.90
1.51
Weld line (mm)

deforming first in the base material of the strap with a lower
yield stress, while yielding in the weld zone with a higher
yield stress seems to be delayed as shown in Figure 14.
Consequently, for a more reliable crush strength analysis on
the Zircaloy spacer grid, FE analysis considering the weld
material properties is necessary instead of an FE analysis
using the base material properties.
Figures 15 and 16 show deformed shapes of the three
kinds of FE model using the base material properties and
weld properties at the maximum crush load, respectively, for
the sake of understanding the deformation behavior of the
subsize FE models.
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Figure 16: Deformed shape using weld material properties at maximum crush load.

5. Conclusions
In this study, to investigate the eﬀects of the mechanical
behavior of the spacer grid when using weld mechanical
properties, strength analyses considering the weld mechanical properties obtained by an instrumented indentation
technique were performed, and the analysis results were
compared with the previous research using the base material
properties. As a result of the analysis, the following conclusions are drawn.
(1) The crush load when using the weld material properties is about 30% lower than that when using the
base material properties for a crush strength analysis
of the Zircaloy spacer grid.
(2) The crush strength of the Zircaloy spacer grid
obtained from the analyses using the weld material
properties closes a gap in the test results compared
to those from the analyses using the base material
properties.
(3) Thus, for a more reliable strength analysis on the
Zircaloy spacer grid, an FE analysis considering the
weld material properties is necessary.
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