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Verification of flow velocity 
measurements using 
micrometer‑order thermometers
Naoki Takegawa1*, Masahiro Ishibashi2, Aya Iwai1, Noriyuki Furuichi1 & Toshihiro Morioka1

In flow velocity measurements, resolution, miniaturization, and accuracy of measuring devices are 
important issues because the measuring devices significantly affect the flow in the micro‑space, sonic 
flow, and turbulent flow. We studied recovery temperature anemometry (RTA) using micrometer‑
order thermometers and evaluated its validity in two velocity ranges (40–90 and 315–420 m/s) by 
conducting two experiments and a numerical simulation. The results confirmed that the difference 
between the reference velocity and RTA was within 5% in the velocity range 60–90 m/s for both the 
thermocouple and platinum thermometer given the same recovery temperature coefficient of 0.83. 
It is a valuable finding that velocity measurement by RTA is independent of the type of thermometer 
used. This suggests that the accuracy of about 5% can be guaranteed even without calibration by 
giving the recovery temperature coefficient according to the thermometer geometry, which is an 
excellent advantage not found in other anemometers. Furthermore, the supersonic flow measured 
using RTA agrees well with the simulation results and theoretical trends. Our findings ensure that the 
micrometer‑order point measurement of flow velocity, which is difficult with existing anemometers, 
using RTA is possible over a wide range of flow velocities.

Airflow measurement is extremely important for clarifying natural phenomena and for engineering applications. 
In the industrial field, there is a need for the measurement of a wide range of flow velocities (from low-speed 
flow in a clean room to supersonic flow in a rocket engine nozzle). Furthermore, there has been a high demand 
for flow velocity measurements in a minute space (approximately micrometers to millimeters) due to minia-
turization of manufacturing in recent years. To this end, a variety of flow velocity measurement methods have 
already been proposed, such as pitot  tubes1, hot wire  anemometry2–4, particle image velocimetry (PIV)5–7, and 
laser Doppler velocimetry (LDV)8,9. Although hot wire anemometers are widely used for turbulence measure-
ments, two or more probes supporting the thin wire often affect flow, and the insertion angle of the probes is an 
issue that needs to be  considered10,11. Furthermore, the measured flow velocity is a line average (line measure-
ment) because the hot wire length ranges from several hundred micrometers to several millimeters in generally. 
Optical methods such as PIV and LDV are more expensive than pitot tubes and hot wire anemometers, thereby 
hindering their introduction. Additionally, it is difficult to apply these methods to practical situations, such as 
flow velocity measurement in pipes in plants and for outdoor flow measurement because of the need to insert 
tracer particles and laser beams.

Ishibashi12,13 proposed recovery temperature anemometry (RTA), which is based on the difference between 
the recovery temperature and stagnation temperature. Figure 1 illustrates a jet impacting a wall and then flowing 
over the wall surface. In a gas flow with a Prandtl number (kinematic viscosity/thermal diffusivity) less than 1.0, 
the wall temperature of an object that does not block the flow is smaller than the stagnation temperature T0 due 
to the large effect of thermal diffusion. This temperature is called the recovery temperature Tr.
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where T∞, M∞, U∞, γ, Cp, r denote the mainstream temperature, mainstream Mach number, mainstream flow 
velocity, specific heat ratio, specific heat of constant pressure, and recovery temperature coefficient respectively. 
It is possible to measure the velocity distribution based on the temperature field because the temperature differ-
ence between T0 and Tr is proportional to the square of the main flow velocity.

It is possible to realize a micrometer-order point measurement of flow velocity using a small temperature 
sensor to measure Tr, which is difficult with existing anemometers.  Ishibashi12,13 measured the flow in a sonic 
nozzle using thermocouples and captured the shock waves generated in the nozzle. However, the accuracy of RTA 
and the applicability of other thermometers are yet to be verified.  Schmirler14 proposed new RTA that calculates 
the flow velocity from two recovery temperature coefficients of two thermometers located close to each other. 
However, the validated flow velocity range is limited to 120–260 m/s, and only one type of thermometer with a 
relatively large sensor diameter of 1.5 mm was used.

In this study, the validity of RTA was verified in two velocity ranges (40–90 and 315–420 m/s) through two 
experiments and a numerical simulation. In the velocity ranges, the accuracy of RTA has not been verified so 
far. Furthermore, two types of probe temperature sensors were verified to extend the applicability of RTA. A 
thermocouple (contact diameter: 300 μm) and platinum thermometer (sensor diameter: 300 μm) shown in 
Fig. 2a were used to measure the recovery temperature. The two probe temperature sensors were selected to be 
as small as possible, and the same value of recovery temperature coefficient r of 0.83 was used for both sensors. 
The accuracy of RTA using these thermometers was evaluated using the reference velocity (range: approximately 
40–90 m/s) with an expanded uncertainty of 0.63% (coverage factor: 2)15 owned by the National Metrology 
Institute of Japan. In addition, RTA was applied to the measurement of flow velocity in a small sonic nozzle with 
a throat diameter of 13.4 mm; the accuracy of the measurement in sonic flow was evaluated by comparing it with 
the results of the 3D numerical simulations. Therefore, we evaluated the validity of RTA from various viewpoints, 
such as comparison experiments with the national standard, theory, and numerical simulation.

The results of this study confirmed that the difference between RTA and the reference velocity was within 5% 
in the velocity range of 60–90 m/s, regardless of the type of thermometer. This suggests that the accuracy of about 
5% can be guaranteed even without calibration by giving the recovery temperature coefficient according to the 
thermometer geometry, which is an excellent advantage not found in other anemometers. These results and the 
presentation of the benefits have not been described in other papers. Furthermore, the sonic flow in the nozzle 
measured by RTA was in good agreement with the simulation results and theoretical trends. Various existing 
inexpensive thermometers have enabled the micrometer-order point measurement of flow velocities over a wide 
range of flow velocities. It is confirmed in this study that RTA can be used in point velocity measurement, which 
was earlier difficult with existing anemometers, over a wide range of flow velocities.
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Figure 1.  Conceptual diagram of stagnation temperature T0 and recovery temperature Tr. Both T0 and Tr are 
points on the wall, and therefore, the flow velocity is zero. However, Tr is lower than T0 because of the effect of 
the temperature gradient in the main flow. The flow velocity in the mainstream is proportional to the square of 
the difference between T0 and Tr.
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Results
Comparison experiment with reference velocity. A comparison experiment with a national stand-
ard of flow velocity was conducted to evaluate the measurement accuracy of RTA. The reference  velocity15 was 
derived from a flow rate  reference16 based on reference nozzles. As depicted in Fig. 2b, the reference nozzles 
are installed in parallel at the upstream of the test section, and a flow rate of 5–1000  m3/h can be generated in a 
stable manner by applying the critical back pressure ratio using the  blower16. The reference velocity at the sen-
sor position fixed to the traverse apparatus is calculated from the volumetric flow rate at the wind tunnel outlet, 
cross-sectional area (outlet diameter: 60 mm), and boundary layer thickness. The derivation of the reference 
flow velocity is explained in detail by  Iwai15. When calculating the flow velocity using RTA, both Tr and T0 are 
required, and the T0 of the fluid on the streamline is measured using a platinum thermometer on the upstream 
side of the wind tunnel. r is necessary to calculate the flow velocity, and it is known to be approximately 0.8817,18 
for parallel plates and 0.825–0.87519,20 for cone and parabolic bodies in a laminar boundary layer. In this study, 
an r of 0.83 was used for both the thermocouple and platinum thermometers to match the experimental results 
with the reference velocity. The difference observed between r = 0.83 and the literature value of r = 0.825–0.875 
is attributed to the shape of the thermometers being a probe type. RTA is a physical model, and thus, does not 
require many coefficients; however, r needs to be provided as a thermometer-specific value.
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Figure 2.  Conceptual diagram of the comparison experiment with reference velocity. (a) Thermometers for 
measuring the recovery temperature. The contact diameter of the thermocouple is approximately 300 μm. The 
sensor diameter of the platinum thermometer is approximately 300 μm, and sensor length is approximately 
1.5 mm. (b) Conceptual diagram of test section. The reference velocity was derived by dividing the flow rate 
of the reference nozzles installed upstream of the test section using the cross-sectional area of the wind tunnel 
outlet. The reference nozzles can generate a constant flow rate because the flow velocity at the throat with the 
smallest cross-sectional area becomes equal to the speed of sound when a differential pressure of a certain level 
or more is applied by the blower. The thermocouple or platinum thermometer used to measure the flow velocity 
(recovery temperature) is attached to the traverse apparatus at the downstream side of the wind tunnel; the 
measured value by RTA is compared with the value of the reference velocity.



4

Vol:.(1234567890)

Scientific Reports |        (2021) 11:23778  | https://doi.org/10.1038/s41598-021-02877-w

www.nature.com/scientificreports/

Accuracy of flow velocity measurement by RTA . Figure 3a,b illustrate the relationship between the 
reference velocity vREF and the value measured by RTA vRTA  based on absolute values and ratios, respectively. 
Figure 3b shows that the maximum difference between vREF and vRTA  is approximately 30% when the flow veloc-
ity is approximately 40 m/s. The standard error of vRTA  is also larger than that of the other velocity points. It is 
considered that the accuracy of temperature measurement affects the measurement accuracy of RTA, and the 
difference between T0 and Tr is as small as approximately 0.13 °C at approximately 40 m/s. In the velocity range 
of 60–90 m/s, the temperature difference between T0 and Tr increases to approximately 0.75 °C, and the differ-
ence between vREF and vRTA  is within 5% for both the thermocouple and platinum thermometer. Therefore, in the 
range of large flow velocities where the temperature difference between T0 and Tr increases, a high accuracy can 
be expected regardless of the type of thermometers. The standard error of vRTA  for both the thermocouple and 
the platinum thermometer increased for vREF = 90 m/s compared to that for vREF = 75 m/s. This can be attributed 
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Figure 3.  Experimental results comparing RTA with reference velocity. Experiments were performed three 
times under the same conditions. The plots show the mean values, and the error bars show the standard errors. 
(a) Comparison between vREF and vRTA  based on absolute values. The upper left part of the graph shows an 
example of the conversion from the flow rate to the standard velocity in this experiment. The difference between 
T0 and Tr is provided for reference under the conditions of flow velocities of approximately 40 m/s and 90 m/s. 
(b) Comparison between vREF and vRTA  based on ratios. The red dashed line indicates the difference of ± 5% from 
the reference velocity. (c) Time variation of T0 and Tr measured using platinum thermometers at flow velocity 
of 39 and 76 m/s. (d) Relationship between the temperature difference between T0 and Tr and the flow velocity. 
The specific heat of constant pressure Cp and the recovery temperature coefficient r are set to 1006 (J  kg−1  K−1) 
and 0.83, respectively. The relationship was calculated using Eq. (3). The velocity ranges of the two experiments 
conducted in this study are also presented.
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to the increase in temperature fluctuation in the test section when the maximum flow rate of 1000  m3/h is gen-
erated using the reference nozzles and blower. Figure 3c shows the time variation of T0 and Tr measured using 
platinum thermometers, and Fig. 3d depicts the relationship between the temperature difference between T0 and 
Tr and the flow velocity calculated using Eq. (3).

Velocity measurement and numerical simulation of flow in a sonic nozzle. After verifying the 
validity of the flow velocity measurement by RTA through comparison with the reference velocity, RTA using 
the thermocouple or platinum thermometer was applied to the flow velocity measurement inside a sonic nozzle. 
Unlike the experiment with the reference velocity described above, there is no reference value at each spatial 
position inside the nozzle, and therefore, the experimental results are compared with the results of the numerical 
simulations. Figure 4a presents an overview of the experiment. A 90° sonic nozzle (throat diameter: 13.4 mm) 
without a diffuser is installed upstream of the traverse apparatus, and the critical back pressure ratio of the nozzle 
is approximately 0.53. A vacuum pump and control valve were used to provide sufficient and constant differ-
ential pressures to the nozzle. The approximate back pressure ratio during the experiments was obtained from 
pressure gauges installed upstream and downstream of the nozzle. The Tr was measured using a thermocouple 
or platinum thermometer fixed to the traverse apparatus, and the T0 of the fluid in the streamline was measured 
using a platinum thermometer on the upstream side of the nozzle. The following three velocities were verified: 
(1) flow velocity at the center of the throat, (2) flow velocity in the axial direction, and (3) flow velocity in the 
radial direction 1 mm downstream of the throat.

Numerical simulations were performed using OpenFOAM (Open source Field Operation And Manipula-
tion)21, which is a fluid analysis software, to perform unsteady three-dimensional simulations. For the simula-
tion region shown in Fig. 4b, the shape inside the 90° nozzle was reproduced with the same dimensions as in 
the experiment. However, the spaces upstream and downstream of the nozzle did not have the same shape and 
volume as in the experiment. Therefore, a rectifying section was installed downstream of the nozzle to equalize 
the flow velocity at the outlet boundary and decrease the simulation area. In the simulations, the inlet boundary 
and internal pressure of the nozzle were set to 101 kPa, and a differential pressure greater than the critical back 
pressure ratio was applied to the outlet boundary as in the experiment. The mass flow rate at the throat after 
0.005 s was stable, and the flow field after 0.005 s was provided as the calculation result. Figure 4c shows the 
velocity contours as an example of the calculation results.

Comparison with the theoretical value at the center of the nozzle throat. Figure 5 depicts the 
comparison of the results of RTA and numerical simulations at each back pressure ratio with the theoretical val-
ues for the flow velocity at the center of the nozzle throat. The theoretical value of the speed of sound c is derived 
from the following equation.

where R denotes the gas constant (J·K−1·kg−1), and Tth represents the temperature at the nozzle throat. The theo-
retical value of the speed of sound calculated using this equation is approximately 315 m/s. For each back pres-
sure ratio (0.5, 0.45, 0.40 and 0.37) less than the critical back pressure ratio of 0.53, the flow velocity at the throat 
measured by RTA is approximately constant despite the different pressure differences. This effectively captures 
the qualitative characteristics of the sonic nozzle. The velocities obtained by RTA and numerical simulation are 
up to approximately 8% lower than the theoretical value of 315 m/s because the theoretical equation for the speed 
of sound does not consider the effect of the curvature of the nozzle inlet which reduces the flow velocity at the 
center of the  throat22–26. RTA and numerical simulations show a trend in harmony with the previous  studies22–26. 
Considering the back pressure ratio of 0.45 as an example, the flow velocities measured by RTA and numerical 
simulations agree within a range of approximately 3%, which indicate that the measurement accuracy is high. 
For reference, when the back pressure ratio is less than 0.5, the difference between T0 and Tr measured at the 
center of the throat was approximately 8 °C or more. These results confirm that RTA can be applied to sonic flow 
in small-diameter nozzles because low-disturbance measurement can be achieved using a temperature sensor 
on the order of micrometers.

Traverse measurement in axial and radial directions. Figure 6 depicts the traverse measurement of 
flow velocity in the sonic nozzle in the axial and radial directions. Figure 6a shows the results of the traverse 
measurement from the center position of the throat to xaxial = 10 mm at 1 mm intervals in the downstream axial 
direction. Each result is obtained under the condition that the back pressure ratio is fixed at 0.4. In RTA and 
the numerical simulation, a supersonic flow is confirmed downstream of the throat, and in Fig. 4c, an oblique 
shock wave is generated downstream of the throat in the simulation. In RTA, the flow velocity and Mach number 
increase to approximately 420 m/s and 1.3, respectively, at xaxial = 7 mm, which indicates that RTA is valid for 
supersonic flow. The flow velocity decreases after xaxial = 7 mm, and the shock wave phenomenon in the nozzle 
can be captured. Although experiments and numerical simulation show good agreement in terms of flow veloc-
ity at the center of the throat, a difference of up to 10% is observed downstream of the nozzle throat. This is 
attributed to the fact that the numerical simulation does not fully reproduce the space inside the traverse appa-
ratus downstream of the nozzle. Although the pressure ratio between the inflow and outflow boundaries was set 
to 0.4, the pressure field at the nozzle exit in the simulation may be different from that in the experiment, and 
this effect is expected to occur downstream of the nozzle throat.
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Figure 6b depicts the results of the radial traverse measurements at 1 mm downstream of the throat. The 
measurement points were set at intervals of 1 mm at xradial = 0–9 mm, and xradial = 0 represents the center of the 
nozzle throat. Each result was obtained under the constant back pressure ratio of 0.4. At xradial = 0–6 mm, the 
flow velocity increases as xradial increases because of the influence of the inlet curvature described  above22–26, and 
RTA, and the simulation results show extremely good agreement. The throat radius of the 90° nozzle is 6.7 mm, 
and it is presumed that the region of xradial = 7–9 mm is outside the jet of supersonic flow; therefore, a decrease 
in flow velocity is confirmed. However, there is a large difference between RTA and the numerical simulation in 
terms of the reduction rate of flow velocity in the region outside the jet, and the experimental results indicate 
that the flow velocity is approximately 250 m/s even in the region considered to be outside the jet. Normally, T0 
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Figure 4.  Overview of the experiment and numerical simulation of flow in a sonic nozzle. (a) Conceptual 
diagram of experimental apparatus. A 90° nozzle without a diffuser was installed upstream of the traverse 
apparatus. Tr was measured from the downstream of the nozzle using the thermocouple or platinum 
thermometer attached to the traverse apparatus. T0 was measured in the region where the flow velocity upstream 
of the nozzle was sufficiently low. The pressure gauges installed upstream and downstream of the nozzle were 
used to check the approximate back pressure ratio. (b) Simulation region. The space between the yellow-colored 
regions represents the 90° nozzle, and the nozzle shape is reproduced as in the experiment. (c) Velocity contour 
at 0.005 s after the start of simulation. Shock wave generation is observed downstream of the nozzle throat.
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and Tr at the same point have the same value when the flow velocity is close to zero. T0 and Tr at the same point 
are required to accurately measure the flow velocity outside the jet, and in this experiment, T0 in the streamline 
was calculated from the temperature measured upstream of the nozzle. Therefore, Tr outside the jet (outside the 
streamline) did not match T0, even when the flow velocity was near zero. Low-disturbance measurements of T0 
and Tr at the same point will be considered in the future.

Discussion
In this study, a velocity measurement method (RTA) based on Tr and T0 was verified. The validity of RTA based on 
the flow velocity measurement traceable to the national standard was uniquely verified. When RTA was applied 
to the flow in the sonic nozzle, the experimental and simulation results were in good agreement, which suggest 
the possibility of measuring the supersonic flow using RTA. Furthermore, similar results were confirmed with 
a thermocouple and platinum thermometer given the same recovery temperature coefficient, and it was found 
that the flow velocity measurement by RTA does not depend on the type of thermometer. These results indicate 
the possibility of realizing flow velocity measurement without calibration using Eq. (3) by giving a recovery 
temperature coefficient suitable for the thermometer shape (e.g., 0.83 for a probe sensor). The main feature of 
RTA is the simplicity and ease of micrometer-order point measurement using existing inexpensive thermometers. 
In comparison with existing anemometers, for hot wire anemometry, prior calibration is always performed. In 
addition, the hot wire anemometry requires a wire length of more than 100 times the wire diameter for achieving 
a uniform temperature distribution at the hot wire center, and the output results are line averaged rather than 
point. Optical methods such as PIV and LDV are not inexpensive and easy to use due to the bottleneck of using 
expensive equipment and lasers. The thermometers used in RTA are commercial products, and as mentioned 
above, RTA can measure the flow velocity without calibration by using the appropriate recovery temperature 
coefficient. Therefore, RTA can be easily used by engineers.

The issues of RTA at this stage are described below. In the region of small flow velocity, the difference between 
T0 and Tr is also small, which may make increase the difficulty of application of RTA in terms of the accuracy of 
temperature measurement. In this study, the difference between T0 and Tr is approximately 0.13 °C at approxi-
mately 40 m/s. To expand the application range and improve the measurement accuracy of RTA, measurements 
of T0 and Tr at the same point are necessary. As a condition for the application of RTA, the Prandtl number of 
the fluid must be less than 1.0 in terms of the difference between T0 and Tr, for instance, RTA cannot be applied 
to water at 20 °C. (Prandtl number: approximately 7.0).

Several prospects for measurements using RTA exist in the future. For instance, the measurement range of 
thermocouples extends to high temperatures, and therefore, RTA is applicable to high-enthalpy flow, character-
istic of the aerospace field. Moreover, the heat capacity of small temperature sensors is small, and therefore, RTA 
is expected to demonstrate a high response to velocity fluctuations and can be applied to turbulence research.

Methods
Experimental procedures and equipment. In the comparison experiment with the reference veloc-
ity and the velocity measurement experiment in the sonic nozzle, the flow was generated by sucking air with a 
relative humidity of less than 50% from the atmosphere. The thermocouple measurement system comprised a 
sensor (TPK-01, Mother tool) and a logger (TM-947SD, Mother tool). The platinum thermometer measurement 
system also comprised a sensor (special order, Netsushin) and a logger (Multimeter 2001, Keithley). T0 and Tr 
are measured at intervals of about 10 and 1 s, respectively, and are the average values obtained over 100 s of 
measurement. T0 was derived using

where Mp denotes the Mach number in the pipe, and Tp denotes the temperature in the pipe. If the flow velocity 
through the pipe is sufficiently low, the measured temperature can be treated as T0. For the measurement accuracy 
of each system in the comparison experiment with the reference velocity, all reference nozzles were calibrated 
with a constant volume tank, which is the national standard for the gas flow rate; furthermore, the expanded 
uncertainty of the calibration is approximately 0.17% (coverage factor: 2)27. The flow rate fluctuation of 5–1000 
 m3/h generated by the reference nozzles and blower is controlled to ± 0.1%/10 min by the buffer tank and tem-
perature controller. The expanded uncertainty of the flow rate is approximately 0.28% (coverage factor: 2)28. The 
expanded uncertainty of the reference velocity based on the flow rate reference is estimated to be approximately 
0.63% (coverage factor: 2)15. The traverse apparatus (Siguma Koki) shown in Fig. 4a has a movement accuracy 
of 3 μm and can be operated by an actuator from outside the traverse apparatus.

Numerical simulation. Three-dimensional unsteady numerical simulations of a compressible fluid with an 
ideal gas were performed using OpenFOAM to verify the flow velocity inside the nozzle measured by RTA. The 
finite volume method was used to solve the governing equations (continuity, momentum, and energy equations) 
given by

(5)T0 =

(

1+
γ − 1

2
M2

p

)

Tp

(6)
∂ρ

∂t
+∇ · (ρu) = 0
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where ρ, t, u, p, μ, E, k, and T denote the density, time, velocity vector, pressure, viscosity coefficient, total 
energy per unit mass, thermal conductivity, and temperature, respectively. μ was calculated using Sutherland’s 
equation, and k was calculated from the viscosity coefficient and the constant volume specific heat. Values of 
1005 and 717.9 (J·K−1·kg−1) were used for the constant pressure specific heat and constant volume specific heat, 
respectively. The pressure and velocity were coupled using the rhoPimpleFoam solver, which is a combination of 
PISO (pressure implicit with splitting operators)29 and SIMPLE (Semi-Implicit Method for Pressure)30. The k–ω 
shear stress  transport30 was adopted as the turbulence model. A second-order accurate linear upwind difference, 
linearUpwind limited, was used as the advection term for the velocity vector u, kinetic energy K, internal energy 
e, turbulent energy k, and energy dissipation rate ω. The total number of cells was approximately 1.69 million, 
and the mesh in the axial direction (x) was approximately 1.3 times longer than that in the radial direction (y, 
z). In the detailed mesh region inside the nozzle, the length in the radial directions was approximately 0.24 mm 
and was approximately 0.96 mm in other regions. Boundary layer meshes with a mesh height of about 0.2 times 
the normal mesh height were inserted on the wall surface for three layers. Ryzen Threadripper 3990X (Advanced 
Micro Devices) was used as the CPU, and the number of parallelisms was set to 118. A variable time width was 
set for the calculation, where the Courant number did not exceed 0.7. The conditions for the numerical simula-
tions are listed in Table 1.

Data availability
The data that support the findings of this study are available from the corresponding authors upon reasonable 
request.

Received: 11 October 2021; Accepted: 23 November 2021

References
 1. Klopfenstein, R. Jr. Air velocity and flow measurement using a Pitot tube. ISA Trans. 37(4), 257–263 (1998).
 2. Kovasznay, L. S. G. Hot-wire investigation of the wake behind cylinders at low Reynolds numbers. Proc. R. Soc. Lond. Ser. A. Math. 

Phys. Sci. 198(1053), 174–190 (1949).
 3. Ligrani, P. M. & Bradshaw, P. Spatial resolution and measurement of turbulence in the viscous sublayer using subminiature hot-

wire probes. Exp. Fluids 5(6), 407–417 (1987).
 4. Hutchins, N., Nickels, T. B., Marusic, I. & Chong, M. S. Hot-wire spatial resolution issues in wall-bounded turbulence. J. Fluid 

Mech. 635, 103–136 (2009).
 5. Willert, C. E. & Gharib, M. Digital particle image velocimetry. Exp. Fluids 10(4), 181–193 (1991).
 6. Westerweel, J. Fundamentals of digital particle image velocimetry. Meas. Sci. Technol. 8(12), 1379 (1997).
 7. Adrian, R. J. Twenty years of particle image velocimetry. Exp. Fluids 39(2), 159–169 (2005).
 8. Adrian, R. J. & Yao, C. S. Power spectra of fluid velocities measured by laser Doppler velocimetry. Exp. Fluids 5(1), 17–28 (1986).
 9. Lyn, D. A., Einav, S., Rodi, W. & Park, J. H. A laser-Doppler velocimetry study of ensemble-averaged characteristics of the turbulent 

near wake of a square cylinder. J. Fluid Mech. 304, 285–319 (1995).
 10. Sobczyk, J. Experimental study of the flow field disturbance in the vicinity of single sensor hot-wire anemometer. EPJ Web Conf. 

EDP Sci. 180, 02094 (2018).
 11. Farsad, S., Ardekani, M. A. & Farhani, F. Experimental investigation of aerodynamic effects of probe on heat transfer from hot-wire 

sensors at vertical and horizontal orientations. Flow Meas. Instrum. 70, 101642 (2019).
 12. Ishibashi, M. pRTA (Probe Recovery Temperature Anemometry). Heat Transfer Summer Conference 46903, 613–618 (2004).

(7)
∂ρu

∂t
+∇ · (ρuu) = −∇p+∇ ·

[

µ

{

∇u+ (∇u)T
}]

−∇

(

−
2

3
µ∇ · u

)

(8)
∂ρe

∂t
+∇ · (ρeu)+

∂ρK

∂t
+∇ · (ρKu) = −∇ ·

(

pu
)

+∇ · (k∇T)

Table 1.  Conditions of the numerical simulations.

Total number of cells 1,691,062

Solver rhoPimpleFoam

Turbulence model k–ω shear stress transport

Boundary condition for velocity

Inlet: zero gradient

Nozzle wall: 0 m/s

Outlet: InletOutlet (zero gradient with backflow prevention)

Boundary condition for pressure

Inlet: 101 kPa

Nozzle wall: zero gradient

Outlet: 50.5, 45.45, 40.4, or 35.35 kPa

Boundary condition for temperature

Inlet: 20 °C

Nozzle wall: zero gradient

Outlet: zero gradient

Courant number 0.7

Simulation time 0.005 s



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:23778  | https://doi.org/10.1038/s41598-021-02877-w

www.nature.com/scientificreports/

 13. Ishibashi, M. & Morioka, T. Velocity field measurements in critical nozzles using recovery temperature anemometry (RTA). Flow 
Meas. Instrum. 25, 15–25 (2012).

 14. Schmirler, M., & Krubner, J. Double probe recovery temperature Anemometry. Thermal Science and Engineering Progress, 23, 
100875 (2021).

 15. Iwai, A., Funaki, T., Kurihara, N., Terao, Y. & Choi, Y. M. New air speed calibration system at NMIJ for air speeds up to 90 m/s. 
Flow Meas. Instrum. 66, 132–140 (2019).

 16. Ishibashi, M. & Morioka, T. The renewed airflow standard system in Japan for 5–1000  m3/h. Flow Meas. Instrum. 17(3), 153–161 
(2006).

 17. Stalder, J. R., Rubesin, M. W. & Tendeland, T. A determination of the laminar-, transitional-, and turbulent-boundary-layer 
temperature-recovery factors on a flat plate in supersonic flow. NACA TN 2077 (1950).

 18. Slack, E. G. Experimental investigation of heat transfer through laminar and turbulent boundary layers on a cooled flat plate at a 
Mach number of 2.4. NACA TN 2686 (1952).

 19. Wimbrow, W. R. Experimental investigation of temperature recovery factors on bodies of revolution at supersonic speeds. NACA 
TN 1975 (1949).

 20. Eber, G. R. Recent investigation of temperature recovery and heat transmission on cones and cylinders in axial flow in the NOL 
aeroballistics wind tunnel. J. Aeronaut. Sci. 19(1), 1–6 (1952).

 21. The OpenFOAM Foundation. OpenFOAM User Guide version 7 (2019).
 22. Hall, I. M. Transonic flow in two-dimensional and axially-symmetric nozzles. Q. J. Mech. Appl. Math. 15(4), 487–508 (1962).
 23. Stratford, B. S. The calculation of the discharge coefficient of profiled choked nozzles and the optimum profile for absolute air flow 

measurement. Aeronaut. J. 68(640), 237–245 (1964).
 24. Kliegel, J. R. & Levine, J. N. Transonic flow in small throat radius of curvature nozzles. AIAA J. 7(7), 1375–1378 (1969).
 25. Cuffel, R. F., Back, L. H. & Massier, P. F. Transonic flowfield in a supersonic nozzle with small throat radius of curvature. AIAA J. 

7(7), 1364–1366 (1969).
 26. Ishibashi, M. & Takamoto, M. Theoretical discharge coefficient of a critical circular-arc nozzle with laminar boundary layer and 

its verification by measurements using super-accurate nozzles. Flow Meas. Instrum. 11(4), 305–313 (2000).
 27. Bureau international des poids et mesures. (2020). Calibration and measurement capability. https:// www. bipm. org/ kcdb/ cmc/ 

quick- search? inclu dedFi lters= & exclu dedFi lters= & page= 0& keywo rds= Fluid+ flow% 2C+ NMIJ% 2C+ Static% 2C+ PVTt% 2C+% 28fly 
ing+ start+% 2F+ finish% 29. Accessed 10 June 2021.

 28. Bureau international des poids et mesures. (2020). Calibration and measurement capability. https:// www. bipm. org/ kcdb/ cmc/ 
quick- search? inclu dedFi lters= cmcBr anches. Fluid+ flow& exclu dedFi lters= & page= 0& keywo rds= Fluid+ flow% 2C+ NMIJ% 2C+ Criti 
cal+ nozzle. Accessed 10 June 2021.

 29. Patankar, S. V. & Spalding, D. B. (1983). A calculation procedure for heat, mass and momentum transfer in three-dimensional 
parabolic flows. In Numerical Prediction of Flow, Heat Transfer, Turbulence and Combustion, pp. 54–73 (Pergamon).

 30. Issa, R. I. Solution of the implicitly discretised fluid flow equations by operator-splitting. J. Comput. Phys. 62(1), 40–65 (1986).
 31. Menter, F. R., Kuntz, M. & Langtry, R. T. Ten years of industrial experience with the SST turbulence model. Turbulence Heat Mass 

Transfer 4(1), 625–632 (2003).

Acknowledgements
This work was supported by a Grant-in-Aid for Early-Career Scientists from the Japan Society for the Promotion 
of Science (Grant No. 20K14657).

Author contributions
T.K. conducted the experiments and numerical simulations and drafted the manuscript. I.M. and I.A. contributed 
to the experimental setup and data interpretation. H.N. and M.T. supervised the research and contributed to 
reviewing the manuscript. All authors discussed the results and commented on the manuscript.

Funding
This article was funded by Japan Society for the Promotion of Science (Grant no. 20K14657).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://www.bipm.org/kcdb/cmc/quick-search?includedFilters=&excludedFilters=&page=0&keywords=Fluid+flow%2C+NMIJ%2C+Static%2C+PVTt%2C+%28flying+start+%2F+finish%29
https://www.bipm.org/kcdb/cmc/quick-search?includedFilters=&excludedFilters=&page=0&keywords=Fluid+flow%2C+NMIJ%2C+Static%2C+PVTt%2C+%28flying+start+%2F+finish%29
https://www.bipm.org/kcdb/cmc/quick-search?includedFilters=&excludedFilters=&page=0&keywords=Fluid+flow%2C+NMIJ%2C+Static%2C+PVTt%2C+%28flying+start+%2F+finish%29
https://www.bipm.org/kcdb/cmc/quick-search?includedFilters=cmcBranches.Fluid+flow&excludedFilters=&page=0&keywords=Fluid+flow%2C+NMIJ%2C+Critical+nozzle
https://www.bipm.org/kcdb/cmc/quick-search?includedFilters=cmcBranches.Fluid+flow&excludedFilters=&page=0&keywords=Fluid+flow%2C+NMIJ%2C+Critical+nozzle
https://www.bipm.org/kcdb/cmc/quick-search?includedFilters=cmcBranches.Fluid+flow&excludedFilters=&page=0&keywords=Fluid+flow%2C+NMIJ%2C+Critical+nozzle
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Verification of flow velocity measurements using micrometer-order thermometers
	Results
	Comparison experiment with reference velocity. 
	Accuracy of flow velocity measurement by RTA. 
	Velocity measurement and numerical simulation of flow in a sonic nozzle. 
	Comparison with the theoretical value at the center of the nozzle throat. 
	Traverse measurement in axial and radial directions. 

	Discussion
	Methods
	Experimental procedures and equipment. 
	Numerical simulation. 

	References
	Acknowledgements


