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Marcus Hultmark · Pierre Dupont

Received: date / Accepted: date

Abstract A comprehensive characterization of the thermal
response of nanoscale hot-wire probes is performed in both
subsonic and supersonic flows. A constant current anemome-
ter was designed for the measurement of the intrinsic ther-
mal inertia of hot-wire probes. In particular, the nanoscale
probe is considered with the effect of gold-plating on sup-
porting structure of the targeted sensing element. Gold-plated
nanoscale probes present a response time one order of mag-
nitude smaller than conventional cylindrical hot-wire probes.
Heat transfer simulations show that the temperature profile
is considerably modified by the addition of a conductive
metal layer, hence increasing the sensor’s frequency response
in both subsonic and supersonic flows. The increase of fre-
quency response is finally exemplified by the numerical com-
putation of the power spectral density of a turbulent flow sig-
nal without any electric compensation of the hot-wire signal.

Keywords Hot-wire anemometry · Frequency response ·
Thermal response

1 Introduction

Hot-wire anemometry has become an ubiquitous tool for the
investigation of turbulent flows since the pioneering work of
King (1914). The small dimension of the probes is associ-
ated with high spatial and temporal resolution, making them
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appropriate for the characterization of unsteady flows both
in subsonic and supersonic applications (Kovasznay, 1950;
Comte-Bellot, 1976).

Conventional hot-wire probes consist of cylindrical tung-
sten or platinum wires with active length and diameter on
the order of 1 mm and 5 µm, respectively. Novel fabrication
methods in microelectromechanical systems (MEMS) have
paved the way for the design of nanoscale thermal anemom-
etry probes (NSTAP) targeting highly resolved measurements
in a variety of flow conditions (Bailey et al, 2010; Vallikivi
and Smits, 2014; Kokmanian et al, 2019; Le-The et al, 2021).
The deposition of controlled thin metal layers makes possi-
ble the design of smaller probes with a well defined geom-
etry to increase both time and spatial resolution of turbulent
flow measurements (Bailey et al, 2010).

While the frequency response of the NSTAP probes op-
erated in constant temperature anemometry (CTA) has been
investigated in previous experiments (Hutchins et al, 2015;
Kokmanian et al, 2021), the intrinsic thermal inertia, and
corresponding open loop response of such hot-wire probes
have not been characterized systematically. In CTA anemome-
ters, the probe resistance, hence its temperature, is kept con-
stant by a feedback loop in the circuit that imply current
variations to compensate for the flow unsteadiness and the
probe’s thermal inertia. In constant current (CCA) systems,
a targeted electric current traverses the wire, whose electric
resistance varies due to flow unsteadiness. A step change
of flow velocity or temperature, for example, would imply
a voltage response across the wire. The time lag of this re-
sponse is associated with the intrinsic wire thermal inertia
when no electrical compensation is applied within the cir-
cuit.

The possibility to combine materials with different ther-
mal and electrical properties to modify the local response of
the NSTAP probes has never been explored. In this work,
this approach is implemented to optimize the intrinsic ther-
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mal response of nanoscale probes in both subsonic and su-
personic flow conditions. The probes studied here are an
extension of the nanoscale probes examined in Kokmanian
et al (2021), which have been proved robust to supersonic
flow conditions. The time constant of the probes was mea-
sured by the use of square-wave tests in a CCA system specif-
ically designed for this study. In section 2, we present the
electronic characteristics of the CCA system, the details about
the NSTAP probes and the employed aerodynamic flow con-
figurations. Section 3 describes the square-wave tests and
the time constant results. A heat transfer analysis is per-
formed in section 4 to explain the probe temperature profile
and main results. Finally, section 5 provides an example of a
turbulent flow measurement and associated numerical com-
pensation using a theoretical model employing the measured
time response, followed by the concluding remarks in sec-
tion 6.

2 Experimental setup

2.1 Anemometer system

A constant current anemometer (CCA) system was designed
to measure the thermal response of the nanoscale probes.
Figure 1 presents a sketch of all electrical components of
the device. The hot-wire sensor, represented here by the re-
sistance Rw, is connected within a Wheatstone bridge com-
posed of two top resistances R1 = R2 = 100 Ω and a third
variable resistance R3 in the range 0-100 Ω . This resistance
was employed to set a target value of Rw when the bridge is
perfectly balanced. The bridge is supplied by a constant cur-
rent generator connected to the main resistance Rs = 12 Ω .

In order to generate periodic variations of the electrical
current traversing the bridge, another resistance Rs′ = 3.5 Ω

was installed with a MOSFET (metal oxide semiconduc-
tor field effect transistor) transistor. Supplying the transis-
tor with a square-wave signal, thus short-circuiting the re-
sistance Rs′ , allows one to modify periodically the current
Io traversing the bridge. This method has been widely rec-
ognized to simulate a step change in flow velocity to de-
termine the frequency response of hot-wire probes (Kovasz-
nay, 1950; Bruun, 1995). Indeed, the thermal response of
the sensing element is driven by the time needed for satura-
tion following a step change of velocity. This duration corre-
sponds to the time required to reach the equilibrium between
the heat transfer from the Joule effect in the sensing element
and the heat exchange with the flow. This approach differs
from the frequency response test in a CTA system, in which
the wire signal is intrinsically compensated to maintain a
constant probe temperature (Hutchins et al, 2015)).

For each measurement, by varying R3 and balancing the
bridge, we set the value of Rw to obtain a known overheat

Fig. 1 Sketch of the constant current anemometer system.

resistance ratio aw = (Rw −Re)/Re. Here, Re is the equilib-
rium resistance of the unheated wire in the flow. The proce-
dure consists in adjusting the supply current while the equi-
librium of the Wheatstone bridge is maintained by adjusting
R3. The bridge voltage Exy is proportional to the variation of
the probe resistance Rw. In this configuration, the variation
of the voltage corresponding to the response of the sensing
element is measured along the power input of the hot wire. It
implies a lower signal-to-noise ratio (SNR) when compared
to the direct measurement of Ew variations, but the equilib-
rium condition of the Wheatstone bridge allows a direct am-
plification of Exy with a differential amplifier, limiting the
number of electronic components. In addition, as described
in section 3.1, a phase average is conducted to highlight only
the periodic variation of Rw. During the square wave tests,
Exy was monitored to record the time response of the sensor
due to the step changes in the bridge traversing current.

It is important to note that the present anemometer does
not apply any electrical compensation to the bridge voltage.
Hence, the measured signal response corresponds to the in-
trinsic thermal lag of the probes.

2.2 Hot-wire probes

The nanoscale thermal anemometry probes (NSTAP) inves-
tigated in the current experiments are an extension of the
sensors explored in Kokmanian et al (2021). In figure 2, we
present a microscope image of the sensor’s tip. It consists
of a platinum nanoscale ribbon sensing element with length
30 µm and 2 µm wide. This sensing element is supported by
two triangular platinum structures, which are held by longer
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Fig. 2 Microscope photography of the NSTAP probe’s tip consisting
of a 300 nm-platinum layer (Pt) deposited on a silicon (Si) wafer.

Fig. 3 Gold-plated NSTAP probe. The gold layer thicknesses consid-
ered are 200 nm and 360 nm.

platinum prongs with a total length of 4 mm supported by a
silicon base. The thickness of the entire platinum structure
is 300 nm. Further details about the fabrication steps and
the full geometry of the sensor can be found in Kokmanian
et al (2019). The design of the sensors takes into account its
operation in high-speed flows. Indeed, the continuous varia-
tion of the width of the triangular supports and the location
of the sensing element at the most upstream position limit
the effects of the existing shock waves in supersonic flow
conditions.

Given that the entire platinum structure represents a unique
electrical resistance, it is natural to inquire to what extent
the triangular supports impact the thermal lag of the en-
tire sensor. To quantify the role of this structure on the sen-
sor’s thermal response, layers of gold (Au) were superposed
specifically over the triangular supports of the sensing ele-
ment. The gold layer starts at the end of the sensing element
and covers the supports until they reach a width of approx-
imately 50 µm, where the heat generation is negligible due
to the large cross section (see figure 3). In addition, the end
of the gold layer coincides approximately with the silicon
substrate that plays the role of a heat sink. In the following,
two gold-plated configurations with gold thickness 200 nm
and 360 nm will be considered together with the original
platinum sensor. The gold was added on top of the 300 nm
thick platinum structure.

The thermal response of a hot-wire probe depends di-
rectly on the electrical resistance of the sensor’s body. Due
to the more complex geometry of the NSTAP when com-

pared to a conventional cylindrical hot-wire probe, it is dif-
ficult to estimate precisely the resistance of the entire plat-
inum structure. Also, measuring the electrical resistance of
the sensing element is very challenging due to its small di-
mension. An estimation of the sensor’s resistance (see Kok-
manian et al (2021) for the details of the entire geometry)
based on the resistance of each section Ri = χ0li/Si gives
Rw = 16 Ω , while the measured probe resistance at 20◦C
was Rw = 24.3 Ω . Here, χ0 is the electrical resistivity at
20◦C, Si is the local cross-section and li the corresponding
length of the element. In the presence of 200 and 360 nm
gold thicknesses, the estimated theoretical resistances are
13.7 and 12.9 Ω , while the measured resistances are Rw =

22.3 Ω and Rw = 21.2 Ω , respectively.
The addition of gold reduces the electrical resistance

given the lower value of the gold electrical resistivity when
compared to the platinum (see table 3). The difference be-
tween the estimated and measured values of Rw is presum-
ably due to the choice of the platinum resistivity χ0 = 1.1×
10−7 Ωm. This value corresponds to the bulk resistivity of
the platinum for relatively thick metal sheets. It is known
that the electrical resistivity of platinum increases exponen-
tially as the nanoscale thickness decreases. Féry (1928) mea-
sured the origin of the resistivity growth for a thickness t =
348 nm, indicating that χ0 should have a larger value for the
current studied thickness t = 300 nm. This could explain the
differences between the estimated and the measured values
of Rw. In the following, the values of both Re and Rw used
for the calculation of aw correspond to the resistance of the
entire metallic structure (not only the sensing element).

Finally, a conventional cylindrical hot-wire probe was
employed to provide a comparative basis of the thermal re-
sponse. This probe is a tungsten wire of diameter 5 µm and
length 800 µm soldered on classical Dantec prongs.

2.3 Flow configurations

Measurements of the NSTAP’s thermal response time were
performed in both subsonic and supersonic flow conditions.
The subsonic configuration is a low-speed axisymmetric jet
with exit nozzle diameter D1 = 30 mm and jet maximum
velocity equal to 5 m/s. Details about the flow field of this
jet facility can be found in the experiments of Schreyer et al
(2015). The probes were placed in the potential core of the
jet at the centerline exit location.

Experiments in supersonic flow were performed in the
continuous wind-tunnel at the IUSTI laboratory (Institut Uni-
versitaire des Systèmes Thermiques Industriels, Marseille).
Measurements of the time constant were taken in the free-
stream of a 170 mm x 105 mm test section following a Mach
2 nozzle. The very low turbulence level in the free-stream to-
gether with controlled gas drying conditions are suitable for
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the operation of hot-wire probes. The flow stagnation pres-
sure was varied from 0.2 to 0.8 bar.

3 Results

3.1 Response time measurements

Figure 4(a) presents a typical response of the NSTAP sen-
sor to the square wave test, and the methodology to com-
pute the response time τ . Due to inherent flow unsteadiness
from one period to another, a phase-average response was
computed over more than 1000 periods to obtain the expo-
nential growth corresponding to the increase of the sensor
resistance. The phase-averaged response is exemplified in
figure 4(b).

It was clear from all the experiments that the wire’s volt-
age follows a first order linear system response:

E =C
(

1− e−
t
τ

)
, (1)

where the time constant τ represents the thermal inertia of
the probe. To determine this thermal response, an exponen-
tial fit of the phase-averaged signals was implemented using
equation 1, as exemplified in figure 4(b). The difference be-
tween the fit obtained either by the growth or the decrease of
the sensor’s resistance gives a good estimation of the error
on τ . In both subsonic and supersonic conditions, the errors
were found to be 3-5%.

Time constant measurements were performed for vari-
ous overheat ratios between 0.06 and 0.8. Figure 5 depicts
the evolution of the time constant for all sensors investi-
gated. Noticeably, the response time of the nanoscale sen-
sors is at least five times lower than the conventional cylin-
drical 5 µm-tungsten wire in both subsonic and supersonic
flow configurations. Interestingly, the addition of gold layers
monotonically decreases the NSTAP’s response time down
to τ = 20 µs. This lowest value of τ was obtained for the
gold-plated nanoscale probe with a gold layer of 360 nm,
corresponding to a time constant reduction by a factor of 30
when compared to a classical 5 µm cylindrical probe.

In table 1, we summarize the values of τ averaged over
aw according to both the sensor and the flow configurations.
We note that τ generally reduces for higher flow speeds, a
fact that can be predicted from the unsteady heat equation
over the probe (Bruun, 1995). This reduction, however, is
negligible for the gold-plated NSTAP sensors. A detailed
knowledge of the sensing element’s resistance would be cru-
cial to understand why the response time remains unchanged
for subsonic and supersonic flow conditions when the gold
layers are added.

Another point of interest is the effect of the flow condi-
tion associated with the overheat ratio on the response time.

Table 1 Averaged τ (µs) over aw in subsonic and supersonic flows.

Sensor Subsonic Supersonic

5 µm cylindrical wire 678.7 526.3
NSTAP platinum 98.3 54.6
NSTAP platinum + 200 nm of gold 35.9 34.2
NSTAP platinum + 360 nm of gold 19.6 19.5

Although limited measurements were performed for super-
sonic flow conditions, figure 6 depicts the response time for
both the conventional cylindrical and a gold-plated NSTAP
for varying flow speed (i.e. total pressure P0) and overheat
ratio aw. The 5 µm-probe presents a linear growth with aw
for both flow speeds. It is interesting to note that for increas-
ing aw, there is a decrease of the response time when the flow
speed rises. Both the linear growth of τ with aw and the non-
linear decrease of τ with flow speed can be predicted using
a simple heat transfer model of a cylindrical hot-wire probe
(Bruun, 1995). On the other hand, the gold-plated NSTAP
probe presents no aw dependence within the measurement
uncertainties, but a decrease of τ with flow speed. While this
behavior would be beneficial for experimental purposes and
robustness to aw variations, the physical reasons behind the
difference between the cylindrical and the NSTAP probes
remains to be elucidated.

4 Heat transfer analysis

In CCA operation without electronic compensation, the time
constant is governed only by the thermal inertia of the sen-
sor. The effect of the gold plating on the probe temperature
profile is explored here using a heat transfer model and cor-
responding numerical simulations. In particular, we attempt
to characterize how the temperature gradient changes in the
vicinity of the sensing element.

4.1 Theoretical model

We consider a one-dimensional model along the sensor’s
length axis x following Bruun (1995). The equilibrium be-
tween the electrical heat generated by the Joule effect Q̇e
and the heat exchange by conduction Q̇c and convection Q̇h
will be expressed for an incremental sensor element. The
heat balance reads

dQ̇e = dQ̇h +dQ̇c +dQ̇s, (2)

where Q̇s is the heat stored by the sensor.
The generated heat by the traversing electric current I is

given by:
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Fig. 4 a) Response of the NSTAP sensor (blue) to the square wave signal (yellow) due to step electrical current changes of 3.3 mA around the mean
current of Io = 25.1 mA. b) Phase-averaged wire voltage response and first-order exponential fit to compute the time constant τ using equation 1.
In this example, the wire was placed in supersonic flow conditions: M = 2 and P0 = 0.8 bar, the time constant was found to be τ = 45.4 µs for the
conventional platinum NSTAP sensor.
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Fig. 5 Time constant in subsonic (left) and supersonic (right) flow
conditions as a function of the overheat ratio aw for the conventional
5 µm cylindrical probe (◦), the conventional platinum NSTAP (+), the
NSTAP with a 200 nm gold layer (△) and the NSTAP with a 360 nm
gold layer (▽).
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Fig. 6 Time constant evolution in supersonic flow as a function of the
overheat ratio aw for the classical 5 µm probe (left) and for the gold-
plated NSTAP with a 200 nm gold layer (right) at different total pres-
sure levels: open diamonds stand for P0 = 0.8 bar and crosses stand for
P0 = 0.4 bar.

dQ̇e = dRwI2 =
χw(x,T (x))I2

A(x)
dx. (3)

Here, χw(x,T ) and A(x) are the local electrical resistivity
and cross section of the sensor, respectively, while T (x) is
the local wire temperature. The local resistivity χw is mod-
elled by introducing the thermal coefficient of resistance α0
and the resistivity χ0 at TO = T293K :

χw(x) = χ0{1+α0 [T (x)−T0]}. (4)

The heat convection from the wire to the flow is gov-
erned by the heat transfer coefficient, h, acting on the exter-
nal surface Sw:

dQ̇h = h(x)Sw [T (x)−Te]dx. (5)

We consider Sw = 2[w(x)+ t] which takes into account both
the upper and lower surfaces of the rectangular structure of
the sensor.

Thermal conduction along the sensor is considered in the
axial direction:

dQ̇c =−kwA(x)
∂ 2T (x)

∂x2 dx (6)

and the heat storage is written as

dQ̇s = ρwCpA(x)
∂T (x)

∂ t
dx. (7)

In the equations above, the density and heat capacity of the
sensor’s material are respectively ρw and Cp; the thermal
conductivity is kw. The equilibrium temperature of the un-
heated wire is Te. Finally, the local width, the local cross-
section and the sensor’s thickness are w(x), A(x) and t, re-
spectively
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Fig. 7 Geometry of the cylindrical tungsten wire (d =5 µm, top) and
the nanoscale probe (bottom) considered in the numerical simulations.

4.2 Numerical simulation

The stationary solution of equations (2-7) provides the tem-
perature profile across the sensing element and its vicinity.
The problem consists in solving the heat transfer equations
accounting for the geometry and materials of both a conven-
tional cylindrical wire and the NSTAP sensors, which are
sketched in figure 7. A Neumann condition is applied at the
center of the wire, and the equilibrium temperature Te is im-
posed at both extremities of the sensor. The equations were
solved using the Finite Element Method (FEM), where the
probe geometry was discretized in 1300 nodes. The sensor
is surrounded by a low-speed air flow with free-stream ve-
locity u = 5 m/s.

The convective heat transfer coefficient is modeled using
a local Nusselt number:

h(x) = Nu
k f

ℓ(x)
, (8)

where k f is the fluid thermal conductivity and ℓ(x) the char-
acteristic length scale in the flow direction. For a cylindrical
wire, we set ℓ(x) = d. For the ribbon shape of the NSTAP,
we follow Kokmanian et al (2021) who considered both the
width w(x) and the thickness t. As the width w can be much
larger than t and parallel to the fluid flow, we expect the most
appropriate length scale ℓ(x)=w(x), which varies from 2 µm
at the tip until approximately 50 µm at the vicinity of the
sensing element (see figure 3 for the sensor’s geometry).
The Nusselt number employed here follows the King’s law
Nu = A

√
Re+B, with coefficients A = 0.43 and B = 0.32

empirically obtained for cylindrical hot-wires (McAdams,
1954). Here, the Reynolds number Re = ul(x)/ν is com-
puted with the length scale ℓ(x) and the mean flow speed u
of air with kinematic viscosity ν .
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Fig. 8 Temperature profile along the 5 µm-tungsten wire computed
from the numerical model (red curve) and its corresponding mean
value ⟨Tw (dashed). The black dashed line represents the temperature
estimated from the experimental data. For both cases, aw = 0.5 and
RwI2 = 24 mW.

Table 2 Thermal and physical properties of materials at 293 K.

Mat. Cp [J.kg−1.K−1] ρw [kg.m−3] kw [W.m−1.K−1]

Pt 130 21450 71.6
Au 128 19300 320
W 203 15630 174

The numerical model was first validated with the cylin-
drical 5 µm-tungsten wire. The temperature distribution along
the wire axis T (x) is shown in figure 8 for an arbitrary over-
heat ratio and electric power. The temperature profile agrees
well with previous theoretical predictions examined in Bruun
(1995). The mean temperature of the wire obtained numeri-
cally was ⟨Tw⟩num = 516K. while the estimated temperature
from the experiments was ⟨Tw⟩exp = 478K. This difference
might come from the experimental estimation that uses the
measured wire resistance to compute the wire temperature:

⟨Tw⟩exp =
Rw −Re

R0α0
+Te (9)

The model uses the resistivity of the wire to calculate the
wire temperature that is integrated over the sensor’s length.

To understand the effect of gold-plating on the heat trans-
fer across the wire, simulations were performed for the NSTAP
sensors matching the experimental conditions I = 10 mA
for the platinum probe and I = 12 mA for the 360 nm gold
plated sensor. These values correspond to the experiments
conducted in the potential core of a jet with maximum flow
speed u = 5 m.s−1, coresponding to RwI2 ≃ 3.8 mW and
aw ≃ 0.2. For simplicity, only one half of the sensing ele-
ment is solved as sketched in figure 7.

Figure 9 depicts the temperature profile T (x) along the
center-axis of the NSTAP probes. To better contrast the ef-
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Table 3 Electric properties of the sensor’s materials at 293 K.

Mat. χ0 10−6[Ω .m] α0 10−3[K−1]

Pt 0.1111 3.92
Au 0.0222 3.71
W 0.1124 3.68

0 20 40 60 80 100
0

0.5

1

1.5

NSTAP body

Fig. 9 Comparison of the numerical profile T (x)−Te normalized by
the mean temperature of the sensing element ⟨Tw⟩−Te along the half
length of the sensor with and without gold plating. The dashed line
represent the limit between the ribbon-shaped sensing element and the
supporting triangular structure.

fects of gold on the temperature profile, we normalize T (x)−
Te by the average temperature of the sensing element (i.e.
for 0 ≤ x ≤ 15 µm for the half-sensor) subtracted by Te.
Without the presence of the gold layer, the curve presents
a substantial sensor heating along the triangular structure
(15 ≤ x ≤ 100 µm), which is highly attenuated by the pres-
ence of the 360 nm-metal layer. Hence, gold-plating mostly
focuses the temperature gradient along the sensing element
which directly reduces the response time of the sensor.

It is interesting to inquire to what extent this tempera-
ture profile is associated with end-conduction effects of the
probe. For a cylindrical hot-wire, these effects can be quan-
tified using the Γ parameter proposed by Hultmark et al
(2011), which is defined based on the length-to-diameter ra-
tio, the resistance ratio a = Rw/Re, the Nusselt number Nu,
the wire and the fluid thermal conductivity kw and k f , re-
spectively. For the nanoscale ribbon geometry investigated
here, the parameter assumes the following form (Byers, 2018):

Γ =
l
w

√
2a

(
k f

kw

)(
w+ t

t

)
Nu (10)

where l, w and t stand for the length, the width and the
thickness of the ribbon sensing element. Preliminary esti-
mations of the Nusselt number reported by Kokmanian et al
(2021) indicate Nu ∼ O(50), which would lead to a Γ pa-

rameter insufficiently small to avoid end-conduction effects.
An extensive characterisation of the end-conduction effects
for the present nanoscale geometry is hence necessary in
future work, taking into consideration the exact values of
the sensing element resistance, in spite of the entire probe
impedance.

To localize the heat transfer on the sensing element, it
is necessary to reduce the electrical heat production of the
ribbon structure. As the heat production is proportional to
RwI2, one would consider to reduce the local resistivity χ by
adding a parallel conductor, here the gold-layer with thick-
ness similar to the platinum structure. The gold-layer re-
duces the global resistivity by a factor 2χAu/(χPt + χAu) ≃
0.33. In addition, the thermal conductivity of the sensor is
increased by a factor of almost 3 reducing the temperature
variation between both extremities of the triangular supports
at a constant heat production. The properties of all materials
are presented in tables 2 and 3.

5 Numerical compensation of a turbulent flow signal

The addition of gold to the supporting structure focuses the
temperature gradient into the sensing element, lowers the
temperature of the stubs, hence reducing the response time
of the probe. The decrease of the response time by an or-
der of magnitude is associated with an equivalent increase
of the sensor’s frequency response. While in conventional
operation of hot-wire probes in both CTA and CCA systems
the signals are compensated with a parallel electronic cir-
cuit, one could inquire to what extent numerical compensa-
tion using the analytical first-order transfer function would
provide reliable power spectral density results for the use of
nanoscale probes in turbulent flows.

Given that the phase-averaged response signals show un-
ambiguously the first-order nature of the sensor’s response,
the probe transfer function can be modeled as a low-pass
filter. This is governed by the well-known transfer function:

H( jω) =
1

1+ j ω

ωo

. (11)

ω is the angular frequency and ω0 is the cut-off angular
frequency defined as ω0 = 1/τ . The resulting cut-off fre-
quency is given by f0 = ω0/2π . The transfer function gain
G is the magnitude ∥H( jω)∥. Using the conventional fre-
quency variable f = ω/2π , the frequency-dependent gain is
computed as:

G( f ) =
1√

1+( f/ f0)2
(12)

For a given power spectral density of a turbulent flow
signal acquired without compensation, the compensated power
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Fig. 10 Spectrum of the NSTAP with a gold layer of 200 nm. Red
dashed lines represent the dissipation range and the cut-off frequency
after compensation.

spectral density Si is computed by the ratio between the mea-
sured power spectral density So and the squared gain G( f )2.

To experimentally test the numerical compensation of a
turbulent flow signal, the gold-plated nanoscale probe was
placed in a high-subsonic jet issuing from a nozzle with an
exit internal diameter Di = 4 mm. The estimated jet flow
speed based on static and stagnation pressure is v= 105 m/s.
During the measurements, the probe was placed within the
jet shear layer approximately four diameters downstream of
the nozzle’s outlet.

The power spectral density of hot-wire signals in this
location should exhibit the universal k−5/3 decay for more
than one decade (Proença et al, 2019). Figure 10 presents
the power spectral density (PSD) of both the original and the
numerically compensated signals. It is important to note that
the original signal was acquired using the CCA anemometer
system described in section 2.1 without any compensation.
Hence, in the PSD of the original signal, the rapid decay
starting at approximately 4 kHz is due to the intrinsic ther-
mal response of the nanoscale probe. This cut-off frequency
agrees well with the response time τ = 30−40 µs presented
in figure 5 for the 200 nm gold-plated probe. The compen-
sated PSD shows a compelling k−5/3 decay until 30 kHz
where turbulent flow dissipation increases the decay rate un-
til 100 kHz, which is the cut-off frequency of the compen-
sated signal limited by the signal’s noise originated from a
digital converter of N = 16 bits.

6 Summary and conclusions

A constant current anemometer was built to characterize sys-
tematically the response time of nanoscale probes under mul-
tiple aerodynamic and overheat configurations. The experi-
mental results show that the NSTAP probes present a re-
sponse time at least one order of magnitude smaller than

conventional cylindrical hot-wire probes. The associated fre-
quency response shows similar features whether the probe is
placed in subsonic or supersonic flow conditions, thus con-
firming the possibility of using the nanoscale probes in a
variety of Mach number flows. It was shown that the time
constant of the NSTAP sensors is insensitive to the overheat
ratio, which is in contrast to the behavior of conventional
hot-wire probes.

To explore the effects of the supporting structure on the
sensor’s frequency response, a gold layer was added at the
vicinity of the sensing element over the original platinum
structure. It demonstrates the possibility to control the re-
sponse time by gold-plating, which focuses heat transfer along
the nanoscale sensing element. The addition of gold-plating
at the vicinity of the sensing element deserves further de-
tailed investigations to find an optimal configuration consid-
ering both the response time and the end-conduction effects.

Finally, numerical compensation of acquired CCA sig-
nals without any electric compensation was successfully im-
plemented in a high-speed turbulent flow. Due to the higher
frequency response of the probe when compared to conven-
tional hot-wires, the power spectral density of a turbulent
flow signal can be computed over a large range of frequen-
cies, which are limited only by the intrinsic noise of the
acquisition system. In the tested experiments, a gold-plated
nanoscale probe covers a spectral range until 100 kHz, paving
the way for its application in a variety of flow conditions
without the need of any sophisticated anemometer system
with electric compensation.
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