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Abstract 
The flow field or multidimensional velocity distribution of the coolant in fuel 
rod bundles of the reactor core in pressurized water reactors (PWRs) is an 
important parameter that is revealed through experimental investigations. 
This paper presents the two-dimensional (2D) velocity profile measurement 
using a two-element ultrasonic transducer with both elements acting as a 
transceiver. The size of the transducer is minimized for compactness, leading 
to a narrow sound field appropriate for applications in fuel rod bundle flow. 
Furthermore, the transducer’s sound pressure is evaluated via simulations 
and experimental measurements. In order to confirm the ability of the ultra-
sonic velocity profiler (UVP) with a two-element transducer, the experimen-
tal measurement is conducted in turbulent horizontal pipe flow. The 2D ve-
locity vector profile is obtained, and then the measurement in swirling flow is 
conducted. The 2D velocity profile in an axial and radial plane is obtained 
utilizing the UVP measurement. Lastly, the ability of the UVP to derive the 
2D velocity profile in the narrow area of the rod bundles is demonstrated. 
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1. Introduction 

Pressurized water reactors (PWRs) [1] are nuclear power plants with many op-
erating units. It is essential to analyze the flow behavior of the coolant in fuel rod 
bundles in the reactor core [2]. The spacer grids support the fuel assembly and 
are used as an effective mixing device by attaching various flow deflectors such 
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as swirling vanes. They are installed for heat transfer enhancement between the 
fuel rod and coolant, which relates strongly to plant safety. Velocity distribution, 
which has multidimensional motion, affects heat removal from the fuel to the 
coolant. Hence, the multidimensional velocity distribution needs to be investi-
gated. The experimental examination of this parameter in rod bundles is a ne-
cessity. These studies have used several probing techniques such as hot wires [3] 
and films [4]. Although these techniques allow for the flow velocity measure-
ment in the rod bundle, they are intrusive measurements that disturb the flow 
field. Laser doppler velocimetry (LDV) [5] has been applied to explore the flow 
velocity in the rod bundle. Nevertheless, these techniques have been limited to 
point measurements and cannot measure multidimensional velocities. Moreo-
ver, particle image velocimetry (PIV) [6] can visualize velocity profiles in two 
dimensions. The PIV requires optical access for the laser sheet and the camera to 
derive the two-dimensional (2D) velocity profile in the region of interest, whe-
reas the flow field in a typical fuel bundle with spacer-grids is optically ob-
structed by the rods. The method cannot provide information on the full veloci-
ty profile or flow field along the flow path of rod bundles with spacer-grids. Also, 
this technique can measure the velocity data in the axial plane but not in the 
radial plane. Therefore, a measurement technique is needed to obtain a multi-
dimensional velocity profile non-intrusively, which is functional in less transpa-
rent environments. 

An ultrasonic velocity profiler (UVP) is a nonintrusive measurement device, 
which does not require optical access. The UVP was firstly used in the medical 
field. Baker [7] utilized the UVP for blood flow sensing. A one-dimensional (1D) 
measurement was performed, which has some limitations. The blood flow is not 
fully developed to have a 1D flow [8]. Therefore, a multidimensional velocity 
measurement is necessary. Peronneau et al. [9] proposed a single element cross 
beam system using two transducers as a transceiver (i.e., transmitter/receiver). 
This system can only obtain the 2D velocity at one point, and mechanical ad-
justment is required to measure other points. Additionally, Scabia et al. [10] de-
veloped a multiple-element cross beam system using a 128 element array trans-
ducer; two receivers measure one point, and several receivers are required to de-
rive the velocity data from other points. Hence, the transducer system was 
enormous. Takeda [11] was the first to apply the UVP to measure a liquid’s 1D 
velocity profile in fluid engineering. This technique is recognized as a powerful 
tool due to its nonintrusiveness and broad range of applications, including opa-
que liquids. It has been applied for velocity profiles measurement in several liq-
uids such as water [12] [13], liquid metal [14], and magnetic liquid [15]. How-
ever, these applications are 1D measurements. Furthermore, Takeda and Kikura 
[16] examined the velocity field of mercury flow using 2D velocity mapping with 
multiple transducers. Hurther et al. [17] developed a three-dimensional (3D) 
velocity measurement device in open-channel flow using one transmitter and 
four receivers. Moreover, Obayashi et al. [18] proposed a 2D measurement sys-
tem using only one transceiver and receiver. Batsaikhan et al. [19] developed a 

https://doi.org/10.4236/jfcmv.2022.101002


H. Kikura et al. 
 

 

DOI: 10.4236/jfcmv.2022.101002 14 Journal of Flow Control, Measurement & Visualization 
 

multiple-elements cross beam system using a couple of 128-element sectorial 
array transducers, where velocity data are obtained at beam cross points. In ad-
dition, Hamdani et al. [20] constructed a 2D and two velocity component mea-
surement system using an eight-element phased array transducer and applied it 
to pipe flow with an elbow layout [21] [22]. These measurement concepts are 
practical ways of visualizing the multidimensional velocity profile. However, the 
transducer system was oversized and impractical for experimental analysis of the 
flow field in PWR fuel rod bundles. Therefore, minimization of transducer size 
must be pursued.  

This paper proposes a UVP measurement system with a two-element array 
transducer to measure the 2D velocity profile. The transducer is compact with 
an active diameter of approximately 5 mm, and each element acts as a transceiv-
er. The wave interference generated from each element can produce one main 
lobe or measurement volume with the appropriate beam diameter at the center 
between the elements. Furthermore, the sound beam has a narrow size that is 
compatible with our target. Only two pulsers/receivers are required for this 
measurement system. The development step of the transducer development is 
shown in Figure 1.  

In order to confirm the applicability of our UVP system, the experimental 
measurement in fully developed and swirling flows was demonstrated. The 
measurement was performed to obtain the 2D velocity profile in the axial and 
radial plane. Lastly, the UVP measurement with a two-element transducer was 
demonstrated in order to derive a 2D velocity profile of the flow field in the rod 
bundle configuration. 

2. Measurement Technique 
2.1. Ultrasonic Velocity Profiler Basics 

The ultrasonic velocity profiler (UVP) method is a nonintrusive measurement to 
obtain instantaneous fluid velocity profiles. The method does not require optical 
access, meaning it can function with nontransparent fluids. The technique is 
based on ultrasonic reflection. Figure 2(a) illustrates the UVP principle, con-
sisting of the ultrasound transmission, echo signals, and the reconstructed veloc-
ity profile. An ultrasonic pulse is emitted repeatedly, corresponding to a pulse 
repetition frequency (fPRF) from the transducer along the measurement line. 
Then, the echo reflected from the reflector’s surface, such as from a particle, is 
derived from the same transducer. Several echo sequences are needed (i.e., typi-
cally 128 sequences or at least two). Doppler signal influenced by the velocity of 
a moving particle can be demodulated from the echo signals. The Doppler fre-
quency fD(i) directly relates to the particle’s velocity (i is position). Hence, the 
velocity of the particle at that position V(i) can be computed as 

( ) ( )
0

,
2 sin

Dcf i
V i

f θ
=                          (1) 
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where f0 is the basic frequency, and θ is the incident angle. If the Stokes number 
or the relation between small particles and liquid is less than 0.1, the particle 
closely follows the liquid streamline. Then, several particles disperse in the liq-
uid. Consequently, the velocity profile of the liquid can be obtained.  

 

 
Figure 1. The development step of the transducer making. 

 

 
(a) 

 
(b) 

Figure 2. The UVP principle, (a) measurement configuration, (b) 
Doppler signal demodulation. 
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In the UVP system, the Doppler pulse repetition, which is an accurate me-
thod, is used to extract the Doppler signal from the echo signals, estimate the 
Doppler frequency, and calculate fluid velocity, respectively. The Doppler signal 
can be demodulated from echo signals reflected from a moving particle, as 
shown in Figure 2(b). It is executed in the quadrature demodulation section. 
The echo signal e(t) is then reflected from the particle and derived by the same 
transducer in [23] and is expressed as 

( ) ( ) ,
, 0 ,cos 2 ,D i

n i n i
PRF

f
e t A f t t n

f
 

= π − + 
 

              (2) 

where n is pulse repetition, tn represents the delay time of the echo at the nth 
pulse repetition, and A is the amplitude. In the quadrature demodulation sec-
tion, the echo signals are multiplied by the cosine and sine components, and a 
finite impulse response filter is then used as a low-pass filter to eliminate the 
carrier wave component or basic frequency. Therefore, the Doppler signal Di(t) 
can be extracted from the echo signals as characterized in Equation (3). The 
Doppler frequency is then estimated in the frequency estimation section by a 
frequency estimator such as autocorrelation [24]. 
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where φ is the initial phase. 

2.2. UVP Measurement with Two-Element Transducer 

The UVP with a two-element transducer is proposed where the measurement 
mechanism is based on ultrasonic reflection. The sound wave is emitted from 
two ultrasonic elements, and the waves generated from each element can pro-
duce one main lobe with high acoustic intensity at the center between the ele-
ments. In addition, the echo signal reflected from moving particles is received by 
both elements. Then, two Doppler signals with different orientations are ob-
tained by the receivers. The Doppler frequency in each receiver can be estimated 
by the autocorrelation method [24]. Hence, the 2D velocity can be reconstructed 
employing the following equations. 

( ) ( ) ( )
( )

1 2

0

,
2 1 cos

d d
x

f i f icV i
f iθ

+
=

+
                   (4) 

( ) ( ) ( )
( )

1 2

02 sin
d d

y
f i f icV i

f iθ
−

= .                   (5) 

Then, the velocity magnitude (V) of the flow can be calculated with the equa-
tion below. The measurement concept is represented in Figure 3, and the sche-
matic of the measurement system is illustrated in Figure 4. 

( ) ( ) ( )2 2 ,x yV i V i V i= +                      (6) 
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(a) 

 
(b) 

Figure 3. 2D velocity measurement. 
 

 
Figure 4. Schematic of the measurement system. 

3. Two-Element Transducer Design 
3.1. Preliminary Consideration of Design 

A compact two-element concept is proposed. However, it does not simply suc-
ceed using two transducers transmitting together. For instance, if two transduc-
ers (i.e., frequency of 4 MHz and diameter of 5 mm) are attached with a pitch of 
8 mm and transmit together simultaneously, two main lobes or measurement 
volumes are observed, and the 2D velocity measurement is not applicable, as 
shown in Figure 5. However, the design target for efficient measurements is one 
main lobe with excellent intensity and directivity with an acceptable near-field 
length. Therefore, the parametric study on the transducer design is the first step 
that has to be executed. The parameters of concern consist of the basic frequency 
(f0), element width (a), and interelement spacing (d), as illustrated in Figure 6. 
These parameters decide the measurement quality and whether we achieve the 
design target. Firstly, the basic frequency (i.e., 2, 4, and 8 MHz) is considered a 
candidate because its wavelength has a superior response on echo scattering re-
flected from the small particle dispersed in the liquid. Also, sound intensity and 
attenuation are within an acceptable range. Secondly, the interelement spacing 
(d) and element width have to be optimized. Therefore, the design parameters 
are selected for the best configuration to optimize measurements in the next sec-
tion. 
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Figure 5. Simulation result of sound pressure of two transducers. 

 

 
Figure 6. Schematic of the transducer and designed parameters. 

3.2. Simulation Result, Parameter Selection, and Transducer  
Development 

Figure 7 displays the simulation result of the sound pressure distribution at each 
basic frequency (i.e., 2, 4, and 8 MHz). The single element transducer concept 
with an active diameter of 5 mm was used as the simulation configuration. Fur-
thermore, the intensity, directivity, and near field range were illustrated, respec-
tively. The basic frequency at 4 MHz attained an excellent intensity and directiv-
ity while having an acceptable near-field length. A basic frequency f0 of 4 MHz, 
element width a of 2.5 mm, and an internal element spacing d of 2.7 mm were 
selected and employed to prove the performance of the design through the pa-
rametric study and sound pressure simulation using MATLAB code software. 
Figure 8(a) shows the simulation results at a basic frequency of 4 MHz. The de-
sign configuration described was compared with a single element with an active 
diameter of 5 mm. Consequently, the transducer designed can generate one 
main lobe in the center between both elements. In addition, a good agreement is 
observed with single element transducers design. Based on the simulation data, 
the transducer design for 2D velocity profile measurement was reliable and was 
utilized to manufacture the actual transducer, as shown in Figure 8(b). In the 
next section, the sound pressure distribution needs to be confirmed via experi-
ments before using the transducer for measuring the 2D velocity profile.  

3.3. Sound Pressure Measurement 

Sound pressure measurements were conducted in water to validate the simula-
tion data and prove the sound field distribution of the manufactured transducer.  
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Figure 7. Simulation data sound pressure at each basic frequency. 
 

 
(a) 

 
(b) 

Figure 8. Simulation data of sound pressure in the two-element transducer and real transducer image. 
 

The two-element transducer transmitted the ultrasonic pulse while the needle 
hydrophone functioned as a receiver to derive the pulse. Figure 9 displays the 
experimental setup. The transducer was controlled by a two-channel puls-
er/receiver (Japan Probe TIT-10B-USB). Moreover, the needle hydrophone was 
mounted at the XYZ stage controller, and connected to the A/D converter and 
PC, respectively. The needle hydrophone moved automatically, and the sound 
pressure measurement can be executed in a particular grid and positions in 2D 
by controlling the stage controller. In the experiment, the water temperature was  
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Figure 9. Apparatus for sound pressure measurement. 

 
controlled at 23.7˚C, the axial distance x was 50 mm, the half lateral distance y 
was 10 mm, and the axial ∆x and lateral ∆y resolution were defined as 1 mm and 
0.5 mm, respectively. The signal transmitted from the transducer was recorded 
by needle hydrophone in sound intensity (I), which is a peak-to-peak voltage. 
Then, the data were plotted on a color graph after being converted into the 
sound pressure level (SPL) using the equation below. 

10
max

SPL 20log .I
I

=                         (7) 

The sound pressure measurement was initially performed one by one to check 
each element’s performance and then tested as two elements transmitting to-
gether. The result is plotted on a color graph, as shown in Figure 10. Both ele-
ments were confirmed to be functional based on the one-element transmission 
results. Consequently, the main lobe was in the centerline of each element. Both 
elements experienced sound wave interference when two elements were simul-
taneously transmitted, resulting in one main lobe in the center between both 
elements. However, the sound pressure for the two elements transmitted togeth-
er in the axial distance (x) up to around 8 mm demonstrated sound intensity 
fluctuations. In this region, it is suspected that the measurement volume is not 
focused on the center. In Figure 11, the data obtained from the experiment and 
simulation was extracted at an axial distance (x) of 1 and 5 mm; the two intensity 
peaks were observed, indicating the measurement volume was not focused on 
the center. Therefore, the 2D velocity measurement might not be effective in the 
region with two intensity peaks (i.e., from the transducer surface to 8 mm). This 
region is called the near-field zone. Conversely, at an axial distance of 10, 20, and 
40 mm, the data exhibited one center peak (i.e., one measurement volume). Near 
the lateral and axial center distance of 8 to 50 mm, the sound distribution re-
vealed that the intensity was higher than −6 dB (i.e., strong sound intensity); the 
sound wave at that zone was considered to have superior directivity and a nar-
row beamwidth of ≈5 mm. Besides, the sound pressure data of the experiment 
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and simulation at the lateral center distance were compared, as shown in Figure 
12. Furthermore, the intensity at a lateral center distance of y = 0 and along the 

 

 
Figure 10. Sound pressure measurement of the two-element transducer. 

 

 
(a) 

 
(b)                          (c)       

 
(d)                         (e) 

Figure 11. Normalized sound intensity along lateral distance (y), (a) x 
= 1 mm, (b) x = 5 mm, (c) x = 10 mm, (d) x = 20 mm, (e) x = 40 mm. 
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Figure 12. Normalized sound intensity at the center (y = 0). 

 
axial distance was observed. The intensity obtained from simulation within the 
near-field zone has an oscillated form and differs from the experimental results. 
In the far-field zone, the simulation data intensity was higher compared to the 
experimental results. This difference could be due to the fact that the simulation 
and experiment parameters (i.e., resolution and attenuation) were not the same. 
Also, the dimensional uncertainty when manufacturing the transducer can cause 
a variation in the sound field. For instance, based on the JIS B0405-m standard 
and transducer dimensions, the dimensional uncertainty ≈±0.1 mm. Overall, the 
sound intensity derived from the simulation and experiment has the same trend 
and did not significantly vary.  

There is a minimal discrepancy between the simulation and experimental 
sound distribution results, with an acceptable near filed region, excellent direc-
tivity, and a narrow sound beam at an intensity above −6 dB. Therefore, we can 
confirm that the designed and manufactured two-element transducer can obtain 
2D velocity profiles. 

4. 2D Velocity Profile Measurement in Pipe Flow 
4.1. Experimental Setup 

The experimental measurement was conducted to confirm the capability of 
measuring the 2D velocity. It was conducted in a horizontal acrylic pipe (inner 
diameter 50 mm), excluding and including the swirling effect using a swirling 
generator (i.e., rotating pipe driven by a motor), as shown in Figure 13. The 
working fluid was tap water, with the temperature controlled by the cooling sys-
tem. A nylon particle with a diameter of 80 μm and a density similar to water 
(1.03 g/cm3) was dispersed in the water and used as a reflector. The flow rate was 
controlled by the ball valve and was measured by an electromagnetic flow meter. 
Moreover, the transducer was placed in the test section, which was immersed in 
water as a coupling fluid to minimize the attenuation of wave propagation in the 
working fluid. In the UVP system, the two-element transducer was connected to 
the two channels pulser/receiver (Japan Probe TIT-10B-USB). An echo signal 
was sent to an A/D converter (National Instrument PXI-5105) connected to a 
PC and controlled by developed software. The experimental condition and 
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measurement parameters are presented in Table 1 and Table 2. Firstly, the ex-
periment was conducted in a fully developed flow condition, and the measure-
ment data were plotted as velocity profiles in the axial and tangential directions. 
Then, the 2D velocity profile was reconstructed, and the axial velocity was com-
pared with the velocity profile measured by a single element transducer. After-
ward, the measurement was executed in swirling flow conditions. The 2D veloc-
ity profile in an axial and radial plane was derived. 
 
Table 1. Experimental condition. 

Condition Detail 

Water temperature 28˚C ± 1˚C 

Flow rate (reading) 35 L/min 

Reynolds number 18,000 

Pipe inner diameter 50 mm 

Motor frequency (swirling case) 11.9 Hz 

 
Table 2. UVP parameters. 

Condition Detail 

Basic frequency 4 MHz 

Pulse repetition frequency 1 kHz 

Channel width 0.74 mm 

Number of repetition 128 

Voltage & Gain 120 V, 30 dB 

 

 
Figure 13. Pipe flow measurement apparatus. 
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4.2. Measurement and Comparison in Fully Developed Flow 

The 2D velocity in the turbulent pipe flow without the swirling effect was meas-
ured. The result was presented in the time-averaged velocity profile of 5000 in-
stantaneous profiles exhibiting the axial and tangential velocities, as shown in 
Figure 14(a) and Figure 14(b), respectively. In this experiment, the axial direc-
tion velocity was approximately 440 mm/s at the center of the inner pipe and 
about 270 mm/s at the far wall region. The tangential velocity value was minor 
and had an insignificant effect on the vector reconstruction. A scattered profile 
was visible from the transducer surface up to around 8 mm, which is near the 
field region. The sound pressure presented in the previous section was expected 
to be ineffective for 2D measurement in the near field region because the volume 
is not center-focused, consistent with the simulation data. Therefore, the mea-
surement quality was reduced in this zone. In Figure 14(c), the axial velocity 
obtained from a two-element transducer was compared with the profile meas-
ured by a commercial 4 MHz single-element transducer with an incident angle 
of 10 degrees. The comparison discrepancy was within ±10% except for the near 
field zone and wall region, as illustrated in Figure 14(d). The statistical compar-
ison data of average axial velocity at the center of the pipe and far pipe wall is 
listed in Table 3, and the report format is referred from [25]. The standard devi-
ation and variance of the measurement at the center and far wall zone conducted 
by the single element transducer were relatively similar. On the other hand, the 
utilization of the two-element transducer, the standard deviation, and measure-
ment variance was less than the single element results. However, these values 
were substantial at high measurement depths. Figure 15(a) represents the mea-
surement result of the clearly reconstructed 2D velocity profile. However, the 
profile at the near-field region fluctuated due to the near-field effect. 

4.3. Measurement in Swirling Flow 

As described in the previous section, the realization of the 2D velocity profile 
measurement in the turbulent pipe flow is demonstrated by the swirling flow 
measurements where a swirling generator produced the swirling motion. It was 
installed at a distance upstream of the test section. The swirling effect was ex-
pected to increase the radial plane’s velocity value and led to nonfully developed 
flow.  

The measurement result was presented in a time-averaged 2D velocity profile, 
and the profile was the mean value of 5000 instantaneous profiles. Figure 15(b) 
presents the measurement result of the 2D velocity profile in an axial plane. A 
nonfully developed flow pattern was observed. The 2D velocity was derived in 
the radial plane, as shown in Figure 15(c), and the swirling effect was clearly 
captured. Nevertheless, the velocity data in the near-field zone cannot be identi-
cally measured similarly to the previous section. Overall, the two-element-based 
transducer design with compact geometry functions with the UVP measurement 
and can obtain the liquid’s 2D velocity profile in an axial or radial plane. 
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Table 3. Statistical comparison of axial velocity data. 

Transducer concept Location Mean mm/s Std mm/s Variance mm2/s2 

Two-element 
Center 436.5 15.75 248 

Far-wall 268.3 32.76 1073 

Single element 
Center 431.3 21.02 442 

Far-wall 250.3 21.88 479 

 

 
(a)                      (b) 

 
(c)                      (d) 

Figure 14. Velocity profile in fully developed flow, (a) axial 
velocity, (b) tangential velocity, (c) comparison of axial ve-
locity, (d) the comparison discrepancy. 

 

 
(a) 
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(b) 

 
(c) 

Figure 15. 2D velocity profile results for (a) axial plane 
in turbulent pipe flow, (b) axial plane in swirling flow, 
and (c) radial plane in swirling flow. 

5. 2D Velocity Profile Measurement in Rod Bundle 
5.1. Experimental Setup 

In order to achieve the target, a UVP measurement with a two-element trans-
ducer demonstration is required to investigate the flow field in rod bundles. The 
experiment was conducted to confirm the capability of the developed system to 
measure the 2D velocity in the narrow path of rod bundles. It was conducted in 
the rectangular column where four rods were used to simulate the fuel rod bun-
dle, as shown in Figure 16. The rod diameter was 12 mm, and the gap between  
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(a) 

 
(b) 

Figure 16. Experimental setup for the UVP measurement in rod bundle. 
 

the two rods was set to 8 and 3 mm, respectively. This configuration was referred 
to as the experimental analysis proposed by [2] and [5]. 

The working fluid was tap water dispersed in nylon particles with a diameter 
of 80 μm. Additionally, a pump circulated the water from the inlet to the outlet, 
and the 2D flow field was formed. An impeller flow meter monitored the water 
flow rate, and the transducer was immersed in the water and installed at position 
H = 20 mm from the outlet center. The measurement equipment was similar to 
the previous experiment, and the UVP parameters were the same as in Table 2. 

5.2. Rod Bundle Measurement Results 

Figure 17 illustrates the echo signal reflected from the flow field distributed in 
the water column in several rod bundle configuration cases; without rods, rods 
installed with an 8 mm gap, and rods installed with a 3 mm gap. The echo signal 
in the 3 m gap is affected by multireflection of the rods. Alternatively, the echo 
signal obtained with the 8 mm gap prevented multireflection. The signal was 
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similar to the echo signal derived in the case without rods. Figure 18 presents 
the measurement results of a 2D velocity profile derived from the flow field dis-
tributed in the rod bundles with a gap of 8 and 3 mm, respectively; the profile 
corresponds to the average value of 5000 instantaneous profiles. 

 

 
(a) 

 
(b)                       (c) 

Figure 17. Echo signal, (a) without rod, (b) rods gap = 3 mm, 
(c) rods with gap = 8 mm. 

 

 
(a) 

 
(b) 

Figure 18. 2D velocity vector profile in rod bundle, (a) at gap 8 mm, (b) at 
gap 3 mm. 
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In the 8 mm gap, the 2D velocity profile in the axial plane can be recon-
structed, which is the path between the two rod pairs. The 2D velocity profile 
past the near-field region to the tank wall surface was obtained. The profile at a 
distance between 30 and 70 mm is directed to the outlet, indicating the reasona-
bleness of the measurement result. Then, the gap was reduced to 3 mm, and the 
2D velocity profile beyond the near-field region was obtained. The effect of the 
multireflection was observed at 20 mm; the profile at that point has a slight 
fluctuation. However, the profile of the distance behind this point until the tank 
wall was derived. The measured profile can visualize the flow field in 2D even 
though the gap between two rods was set to be as small as 3 mm. 

It can be concluded that the UVP measurement with a compact two-element 
transducer is applicable for measuring the 2D velocity profile of the flow field in 
the rod bundles. 

6. Conclusion 

This work involved the development of a compact ultrasonic transducer to func-
tion with the UVP to acquire 2D velocity profile measurements of liquid in nar-
row channels. The two-element transducer has two elements that act as a tran-
sceiver (i.e., transmitter and receiver). Moreover, the transducer was compact 
with an active diameter of approximately 5 mm to be compatible with rod bundle 
measurements. The basic frequency, element width, and interelement spacing 
were of concern for the design. The sound pressure of the designed transducer 
was evaluated by simulation and experiment. Furthermore, the transducer’s 
near-field region covered 8 mm from its surface. Beyond the near-field region, 
superior directivity was observed, and the sound field distribution had an inten-
sity higher than −6 dB and beam diameter of approximately 5 mm. The experi-
mental demonstration was conducted in the horizontal pipe flow, and the velocity 
data in the axial and tangential directions were obtained. The axial velocity was 
validated with the velocity derived from a single transducer, and the 2D velocity 
profile in turbulent pipe flow was reconstructed. Then, the experiment in swirling 
flow was conducted. The 2D velocity profile in an axial and radial plane can be 
measured by using the UVP measurement with a designed transducer. Lastly, the 
proposed system’s ability was applied in the narrow area similar to the fuel rod 
bundle. The ultrasonic wave can penetrate the liquid flow existing in the small 
channel. Afterward, the echo signal that carries the velocity data throughout the 
measurement depth can be derived, respectively. The 2D velocity profile in the 
narrow channel between the two rods can be obtained experimentally. 
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