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Abstract The development of micro-hot-wire
anemometry probes for turbulence studies requires
mitigating spatial filtering, end-conduction effects and
probe intrusivity. Keeping these factors in mind, this
work analytically and experimentally investigates the
relevance of a micro-hot-wire probe design featuring
elongated stubs, inspired by Wollaston-wire probes but
fabricated using modern micro-fabrication techniques.
The resulting probes are shown to be relatively easy
to manufacture and capable of providing satisfactory
velocity measurements in a zero-pressure-gradient tur-
bulent boundary layer at Reτ ≈ 1150 with δ = 18 mm.
Different probes were tested, all featuring a micro-wire
length sufficiently small to alleviate spatial filtering of
near-wall small-scale turbulent structures. The investi-
gation focuses on assessing end-conduction effects and
probe intrusivity, with the latter still observable close
to the wall for such micro-probes.

1 Introduction

Hot-wire anemometry stands as a major measurement
technique for investigating turbulence in free and wall-
bounded flows (Bruun 1996; McKeon et al 2007; Smits
2022) as it offers continuous measurement of velocity
fluctuations at a single point over a large range of fre-
quencies. However, obtaining accurate results requires
careful consideration of several important limitations.
These include the spatial resolution of the probe, deter-
mined by the ratio of the wire’s length to the character-
istic length-scale of the flow under study. Additionally,
internal heat-transfer effects can alter the probe spec-
tral response, while the probe’s cut-off frequency limits
the resolvable time scales. Lastly, the intrusivity of the
probe can introduce measurement errors.
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Many of these challenges can be mitigated by re-
ducing the dimensions of both the wire and the probe.
The importance of wire length was notably empha-
sized by Johansson and Alfredsson (1983) who early evi-
denced the effects of imperfect spatial resolution on hot-
wire anemometry measurements in turbulent boundary
layers. This idea was then particularly pursued by Will-
marth and Sharma (1984) and Ligrani and Bradshaw
(1987b) who used Wollaston wires to manufacture sub-
miniature hot-wire probes. These wires consist of a thin
silver-coated platinum(-rhodium) wire that is chemi-
cally etched to expose its core over a length ℓ, which
defines the active part of the hot-wire probe. In their
work, Ligrani and Bradshaw (1987a) and Ligrani and
Bradshaw (1987b) reported the fabrication and use of
such subminiature hot-wire probes with active sensing
lengths ranging from 50 µm to 300 µm, for wire diame-
ters d as low as 0.625 µm. While measuring near-wall ve-
locity fluctuations in a turbulent boundary layer (TBL),
they notably emphasized the detrimental effects of ther-
mal end-losses on the wire response for aspect ratios
ℓ/d below 200 and significant spatial resolution issues
with viscous-scaled wire lengths ℓ+ = ℓUτ /ν greater
than 20. Here, Uτ refers to the mean friction velocity
and ν denotes the fluid kinematic viscosity. The ratio
of these two parameters defines the viscous length scale
lv = ν/Uτ . These criteria on ℓ and d are now regarded
as standards for designing hot-wire probes employed
in wall-bounded turbulence measurements. It highlights
the importance of carefully selecting these geometrical
parameters with respect to the viscous length scale of
the flow of interest, with the condition 200d < ℓ < 20lv
serving as a guideline for optimal design.

These bounds were reassessed by Hutchins et al
(2009) at higher Reynolds numbers using different Wol-
laston hot-wire probes. While reaffirming the previ-
ous recommendations, they also suggested that the fre-
quency response fp of the hot-wire probe should be such
that f+

p = fpν/U2
τ ≥ 1/3 to effectively capture all rel-

evant energetic scales. In the case of turbulent bound-
ary layers commonly encountered in laboratory set-
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tings, this implies an anemometer capable of accurately
resolving turbulence at frequencies typically exceed-
ing 10 kHz. This frequency range may appear attain-
able with conventional hot-wire probes (i.e. ℓ ≈ 1 mm
and d = 5 µm typically) operated with a constant-
temperature anemometry (CTA) system since it usu-
ally yields −3 dB cut-off frequencies greater than 50 kHz
based on an electronic square-wave test (SWT) re-
sponse (Freymuth 1977). Yet, particular caution should
be exercised when interpreting values obtained using
electronic test responses since they do not directly ac-
count for unsteady heat conduction in the wire. This
critical aspect has been extensively discussed in the
works of Khoo et al (1999), Morris and Foss (2003), Li
(2004) and Hutchins et al (2015) among others. These
studies emphasize that the actual anemometer/probe
cut-off frequency (from which deviation from a flat re-
sponse is observed) can be about one order of magni-
tude lower than estimates obtained using the standard
−3 dB drop-off from a SWT. This is the consequence of
attenuation of heat waves along the wire. The attenua-
tion magnitude ε is driven by the ratio ℓ/d among other
factors (Hultmark et al 2011) and a characteristic atten-
uation time scale can be estimated by τw ≈ πℓ2/(20αw)
for a cylindrical wire (Li 2004) with αw the wire mate-
rial thermal diffusivity. Hot-wires are generally designed
to reduce the attenuation ε, but another strategy can
be to design a wire with a characteristic time τw lower
than the minimum turbulent time scale t+ = 3 pro-
posed by Hutchins et al (2009). This yields the crite-
rion ℓ < 2

√
15

πPr
αw
αf

lv, with Pr the Prandtl number of
the fluid and αf its thermal diffusivity. For a platinum
wire used in air under normal conditions, this translates
to ℓ < 6lv, an even more stringent criterion than the
one previously obtained from spatial resolution consid-
erations.

Overall, these recommendations point towards a
more systematic use of small-scale hot-wire probes in
turbulence studies, even at moderate Reynolds num-
bers. However, fabricating miniature hot-wire probes
using Wollaston wires is a highly delicate task. Conse-
quently, achieving functional probes smaller than those
manufactured by Ligrani and Bradshaw (1987b) ap-
pears challenging without resorting to more recent
micro-fabrication techniques. Early efforts were made
by Löfdahl et al (1989) and Löfdahl et al (1992), lever-
aging MEMS (micro-electro-mechanical systems) fabri-
cation technology. The designed probes provided ade-
quate velocity measurements in a turbulent boundary
layer, emphasizing the potential of the fabrication tech-
nique. However, these probes featured relatively large
active elements, with the heating/sensing part having
a minimum length of 300 µm and a cross-section of

60 µm × 30 µm. Subsequently, Jiang et al (1994) mi-
cromachined probes with a structural design closer to
conventional hot-wires, using doped polysilicon. While
achieving wire cross-section dimensions of 1 µm×0.5 µm
and a length ℓ ranging from 10 µm to 160 µm, these
probes had relatively low wire aspect ratios, potentially
making them susceptible to significant end-conduction
effects. Additionally, temporal drifts were reported,
and no clear demonstration of the probes for turbu-
lence measurement was presented. Keeping the criterion
ℓ/d > 200 in mind, Löfdahl et al (2003) fabricated wall-
mounted subminiature hot-wire sensors for shear-stress
measurement. These sensors had minimum dimensions
of 200 µm × 2 µm × 1 µm and utilized aluminum for the
wire material. While satisfactory results were obtained,
to the best of our knowledge, their use was not ex-
panded to more general turbulence measurement.

A major progress was made at Princeton Univer-
sity with the development of their Nanoscale Ther-
mal Anemometry Probe (NSTAP). In its initial ver-
sion presented by Bailey et al (2010) and adapted from
Kunkel et al (2006), a 60 µm long freestanding platinum
wire with cross-section dimensions of 2 µm×0.1 µm was
fabricated using chemical etching, focused ion beam
milling and laser micromachining. This micro-wire was
connected to the prongs by 60 µm long and 15 µm
wide stubs to help minimize probe aerodynamic inter-
ference and thermal end-conduction effects. Although
the probe proved effective for turbulence studies in a
grid-generated turbulent flow, its application to wall-
bounded turbulence measurement necessitated refine-
ment to further decrease the aerodynamic interference
induced by the tip of the support structure (Vallikivi
2014). A redesign of the probe and a different man-
ufacturing approach using deep reactive ion etching
(DRIE) were then proposed by Vallikivi et al (2011)
and Vallikivi and Smits (2014). A smooth, stream-
lined V-shaped structure supporting the 60 µm wire
at its tip was obtained, and wire cross-section dimen-
sions of 1 µm × 0.1 µm were achieved. With this de-
sign, the 60 µm long stubs extending the streamlined
prongs were widened to 50 µm. This revisited probe was
reported to significantly reduce intrusivity effects and
yielded satisfactory measurements in turbulent pipe
flows and boundary layers (Vallikivi et al 2015; Samie
et al 2018b), provided that newly fabricated probes
undergo an annealing process to prevent measurement
drift. It can be noted, however, that possible residual
blockage effects induced by the supporting structure
may still be observable at high Reynolds numbers and
close to the wall, as pointed out by Monkewitz (2021).
Referring to Smits (2022), these effects could be at the
origin of contradictory observations on the trend fol-
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lowed by the inner peak of velocity variance for in-
creasing Reτ (Örlü and Alfredsson 2012), supporting
the need for alternative micro-hot-wire probe designs.

Variations of the NSTAP were designed to measure
two velocity components (X-NSTAP, Fu et al (2019),
Byers 2021), humidity (q-NSTAP, Fan et al (2015))
and for use in supersonic flows (Kokmanian et al 2019).
While these applications involved variations in wire di-
mensions and the shape of stubs, the overall probe de-
sign remained similar. Lastly, a distinct probe featuring
an even thinner freestanding platinum micro-wire with
dimensions of 70 µm×0.3 µm×0.1 µm was manufactured
by Le-The et al (2021) at Twente University. This probe
does not use stubs but instead relies on curved tapered
prongs to support the micro-wire.

The current state-of-the-art in micro-fabricated hot-
wire probes opens up promising avenues for in-depth
studies of turbulence. Yet, the latest micro-probes have
primarily focused on reducing intrusivity by profil-
ing the prongs and questions about possible resid-
ual interference effects are left unanswered. This calls
for exploration of alternative designs. Taking inspira-
tion from the geometry of Wollaston-wire probes, the
present work explores the fabrication and use of micro-
fabricated hot-wire probes that rely on elongated stubs
to mitigate probe intrusivity and wire end-conduction
effects. The present micro-hot-wire (µHW) probes are
shown to be manufacturable using simple fabrication
steps, remarkably stable over time, and capable of
providing adequate velocity measurements in a zero-
pressure turbulent boundary layer.

2 Design and 1D model of a micro-hot-wire
probe with thin elongated stubs

2.1 Design choices and dimensions

The geometry of the µHW probe selected for the present
study is depicted in Figure 1. The design is inten-
tionally simple, aiming to assess both the relevance
of the concept and the ease of probe fabrication. This
probe comprises two prongs connected by an elongated
micro-bridge, defining the stubs, which houses a ribbon-
shaped micro-wire with a length ℓ at its center. Down-
stream of this micro-wire, a second non-conductive wire
was added primarily to enhance the structural integrity
of the bridge.

The chosen materials include silicon (Si) for the base
structure, platinum (Pt) for the main electrically con-
ducting layer, and nitride silicon (SiNx) in between for
electrical isolation. Detailed information about these
different layers and the fabrication process is provided
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Fig. 1 Schematic and geometry of the micro-hot-wire probe.

in Section 3.1. Importantly, the micro-wire is not de-
signed as a freestanding Pt wire to simplify fabrication.
Instead, it is structurally similar to the stubs, featuring
a 200 nm-thick Pt layer deposited on a SiNx layer of
similar thickness. The total thickness of the micro-wire
and the stubs is then h ≈ 400 nm. The implications
of this two-layer design will be discussed in Section 2.2.
Finally, the micro-wire width is set at w = 1.5 µm to fa-
cilitate fabrication using relatively straightforward pho-
tolithographic techniques while still providing suitably
thin micro-wires for this work.

One objective of the present study is to identify
the range of lengths ℓ that can be used to provide ve-
locity measurements in a zero-pressure-gradient TBL
without detrimental end-conduction effects. Indeed, the
significance of end-conduction in this type of ribbon-
shaped micro-wire with long stubs is largely unknown.
To achieve this, spatial filtering effects must be avoided
to eliminate this potential source of bias in the measure-
ments. As detailed in Section 4, velocity measurements
in the TBL are obtained at an axial location where the
mean friction velocity Uτ is approximately 1 m s−1, pro-
viding friction length scales lv in the order of 15 µm. Ad-
hering to the previously discussed criteria, only micro-
wire lengths lower than 300 µm are then considered.
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Specifically, the chosen set of micro-wire lengths ℓ is
{60, 80, 100, 150, 200} µm.

At this stage, it can be instructive to position this
study with respect to two existing criteria used to char-
acterize end-conduction attenuation effects. One ap-
proach is to rely on the ℓ/d criterion mentioned earlier,
assuming an equivalent diameter d∗ based on the cross-
sectional area of the ribbon-shape micro-wires. This
criterion would suggest that ℓ has to be larger than
174 µm. However, this is likely a conservative value be-
cause the micro-wire shape is not circular, and non-
geometric, flow-related parameters also play a role in
end-conduction effects. A potentially more suitable cri-
terion was proposed by Hultmark et al (2011) and re-
fined by Vallikivi (2014). In the latter work, the cri-
terion was extended to rectangular wire cross-sections
and can be expressed as Λ > 1.7 or 2.5 for the NSTAP,
with

Λ = ℓ

2w

√
2(h + w)

h

kf
kw

a Nu , (1)

where kf and kw refer to the thermal conductivity of
the fluid (at film temperature) and wire, respectively,
a to the wire resistance (overheat) ratio and Nu to the
Nusselt number. As shown later in Section 4, the micro-
wires in the present study cover a range of Λ values
going from 2.07 to 6.95. However, it should be noted
that this criterion was originally formulated for probes
without stubs. Therefore, its applicability to the present
probe geometry requires further investigation.

Regarding the stubs, their width was set to 10 µm,
approximately one order of magnitude greater than
that of the micro-wire, to ensure reduced electrical re-
sistance while still preventing significant aerodynamic
interference. The implications of this design choice
in terms of heat generation and transfer is discussed
in Section 2.2, relying on a analytical model of the
µHW probe. The total length of the micro-bridge was
set to 0.9 mm. This length was chosen based on our
prior knowledge on the mechanical strength of simi-
lar elongated thermo-resistive wires manufactured for
wall-stress measurements (Weiss et al 2017). It pro-
vides a separation between the prongs and the micro-
wires ranging from 2ℓ to 7ℓ for the different micro-wire
lengths considered.

2.2 A one-dimensional analytical model

With the design of the µHW probes defined, an analy-
sis is first conducted to estimate their theoretical static
and dynamic responses and to compare them with
more conventional HW probes. Drawing upon the works

of Bruun (1996), Li (2004) and Li et al (2004), the prob-
lem is approximated with a 1D model that takes into
account the rectangular shape of the wire, the stubs,
and the presence of a layer of SiNx (which is an elec-
trical insulator but a good thermal conductor) below
the layer of Pt. In its general form, the 1D conservation
equation of energy providing the unsteady temperature
distribution along wire and stubs may be written

τ
∂θ

∂t
= ∂2θ

∂η2 − (pλ − qλ)θ + Zλ . (2)

Using the subscript f to refer to the fluid conditions, θ

is the local temperature ratio defined by

θ(η) = T (η) − Tf
Tf

, (3)

where T (η) is the local temperature. The coordinate
ξ in wire direction and shown in Figure 1 has been
made dimensionless using the micro-wire half-length,
such that η = 2ξ/ℓ. The coefficients of this differential
equation are given by

τ = ρb Cb ℓ2

4 kb
= ℓ2

4αb
, (4a)

pλ = Pλ ℓ2 Nuλ kf
4 kb Aλ wλ

, (4b)

qλ = I2 ℓ2 α0 χ0

4 kb Aλ A
(Pt)
λ

, (4c)

Zλ = I2 ℓ2 χf

4 kb Aλ A
(Pt)
λ Tf

, (4d)

where the subscript λ ∈ {w, s} refers to the wire or
stubs parameters, highlighting that the coefficients are
actually piecewise functions of the coordinate η.

The time constant τ is obtained relying on a bulk,
average density ρb, heat capacity Cb and heat conduc-
tivity kb of the two layers of Pt and SiNx lumped to-
gether. This approximation neglects heat transfers be-
tween the two layers, but this is reasonable at first order
given the thinness of the layers and their comparable
material properties. The associated cross-sectional Biot
numbers are in the order of 1 × 10−4, thus sufficiently
small to consider uniform temperature in wire cross-
sections at all times. This characteristic time τ should
be seen as indicative of the characteristic attenuation
time scale of the wire and is thus similar to τw previ-
ously discussed, with αb the bulk thermal diffusivity.

The dimensionless parameter pλ is defined using the
cross-sectional perimeter Pλ = 2(wλ + h), the cross-
sectional area Aλ = wλh and the Nusselt number. Con-
sidering the shape of the wire, the Nusselt number is
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estimated using the relation for laminar flow over two
sides of a flat plate, writing

Nuλ = 0.664 Re0.5
λ Pr0.33 (5)

with the Reynolds number Reλ = Uwλ/ν (in the order
of unity) and the Prandtl number Pr ≈ 0.71. The char-
acteristic convection length is taken as the local width
wλ. Particularly relevant for the wire itself, the param-
eter pw can be regarded as equivalent to a Biot number
Biw based on the length Lcw = (ℓ/2)2

Pw/Aw, such that
pw = Biw = hcwLcw/kb where hcw = Nuw kf/ww refers
to the convective heat transfer coefficient on the wire.
This Biot number expresses the ratio of heat convection
on the wire to internal heat conduction, which is gener-
ally desired to be as large as possible for HW probes to
reduce end-conduction effects. It may be noted that it is
related to Λ defined by Vallikivi (2014) (and similarly to
Γ defined by Hultmark et al (2011)) since Λ =

√
aBiw

with a the wire resistance overheat ratio.
Finally, the two dimensionless terms qλ and Zλ ac-

count for heat generation by Joule effect and are de-
fined using the current I, the cross-sectional area of the
Pt layer A

(Pt)
λ (since only the platinum layer is elec-

trically conductive), the temperature coefficient of re-
sistance α0 (TCR) and the platinum resistivity χ0 at
T0 = 0 ◦C, and the platinum resistivity at fluid temper-
ature Tf noted χf. The evolution law of the resistivity
is assumed to be linear such that

χ(T ) = χ0 (1 + α0(T − T0)) . (6)

The term qλ can be seen as a ratio of heat genera-
tion to heat conduction. In the case of a wire with-
out stubs, it appears in the definition of Betchov’s cold
length ℓc = ℓ/(2Yw) with the dimensionless parameter
Yw =

√
|pw − qw| (Bruun 1996). This parameter is re-

ferred to by Li et al (2004) and McKeon et al (2007) as
a Biot number because of the presence of pw, but it also
integrates heat generation effects through qw. The im-
portant point is that Yw can serve as a general parame-
ter to quantify end-conduction effects since large values
imply small wire cold lengths ℓc. As detailed by Bruun
(1996), the parameter Yw (noted K1 in this reference)
can be expressed using the (inverse) overheat resistance
ratio a∞ = Rwa/Rw∞ with Rwa as the wire resistance
at ambient temperature and Rw∞ as the one in the
(hypothetical) case where there are no end-conduction
losses, such that Yw = √

a∞pw =
√

a∞Biw. One can
clearly see that Yw is very similar to the parameter Λ,
except for the different definitions of the resistance ra-
tios a and a∞. Yw will be referred to as an extended
Biot number in the present work.
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Fig. 2 Dimensionless static temperature distribution for differ-
ent hot-wire configurations. The gray area highlights the region
where a stub is present, if any. Operating conditions are pro-
vided in Table 1. Tmw refers to the mean temperature of the
wire.

2.3 Steady-state solution

In steady condition, equation (2) writes

d2θ

dη2 − (pλ − qλ)θ + Zλ = 0 , (7)

with overbars denoting static variables. This ODE can
be solved analytically (using symbolic computing in the
case with stubs) to evaluate the static temperature dis-
tribution T in the wire and the stubs. It is assumed that
θ = 0 at the prongs only. Furthermore, at the junctions
between wire and stubs (η = ±1), continuity of θ and
heat flux conservation are enforced.

Solutions obtained for HW probes without and with
stubs are shown in Figure 2. Here, a mean flow veloc-
ity U = 10 m s−1 is selected to be similar to that ob-
served at the location of maximum fluctuation in the
TBL studied in Section 5, and the current I in each wire
is selected to provide a mean temperature Tmw of the
(micro-)wire itself of about 220 ◦C. The first probe is a
conventional tungsten HW probe without stubs, with a
diameter of 5 µm and a length of 1.25 mm, thus having
a ratio ℓ/d = 250. Its dimensionless temperature distri-
bution is relatively similar to that obtained considering
a µHW probe of length ℓ = 60 µm without stubs, which
is consistent with the work of Bailey et al (2010) on the
NSTAP. However, a major difference between these two
probes is found in the ratio of heat conducted to the
prongs to total heat generated by Joule effect, noted
σw (Freymuth 1979). The values are given in Table 1,
showing that 54% of the heat is lost to the prongs in
the case of a 60 µm long µHW without stubs while it is
22% for the reference HW probe for this flow condition.
This is the result of a significantly lower extended Biot
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Rew Nuw Λ Yw σw

ref. HW (no stubs) 3.32 1.26 5.09 2.49 0.22
ℓ = 60 µm no stubs 1.0 0.59 2.08 0.59 0.54
ℓ = 60 µm 1.0 0.59 2.08 0.92 0.42
ℓ = 80 µm 1.0 0.59 2.77 1.39 0.32
ℓ = 200 µm 1.0 0.59 6.95 3.98 0.12

Table 1 Dimensionless parameters for the modeled HWs and
considering a flow velocity U = 10 m s−1 at a static temperature
Tf = 20 ◦C. The reference HW is a classical 1.25 mm long, 5 µm
tungsten wire operated at an overheat ratio of 0.8. The modeled
µHWs, with their geometry defined in Section 2.1, are operated
without or with elongated stubs at a wire overheat ratio of 0.66.

number Yw in the case of the micro-probe, suggesting
potentially greater attenuation of heat waves compared
to the reference probe. However, as demonstrated later,
this attenuation manifests at much higher frequencies
due to the reduced characteristic time of the micro-wire.

The addition of thin, elongated stubs significantly
modifies this static temperature distribution. This is il-
lustrated by considering three µHW probes with wire
lengths of 60 µm, 80 µm and 200 µm. As depicted in
Figure 2, more uniform temperature distributions along
the micro-wires are achieved. While part of the gener-
ated heat is conducted to the stubs, where non-linear
temperature profiles are then observed, this heat loss
is reduced compared to the case without stubs. This
is quantified in Table 1, showing for instance that the
inclusion of stubs in the 60 µm long µHW increases Yw
from 0.59 to 0.92 and decreases σw from 54% to 42%. By
construction, this improvement is not captured by the
Λ parameter since the effects of stubs on the boundary
conditions are discarded in its derivation. Increasing the
micro-wire length further increases the extended Biot
number and decreases the percentage of heat lost to
the stubs, suggesting further improvement in mitigat-
ing heat-waves attenuation.

2.4 Dynamic response and wire attenuation

To support these results and gain a better understand-
ing of the impact of such elongated stubs on the dy-
namic response of micro-wires, a simplified analytic ap-
proach is considered. Using equations (2) and (7), the
equation governing small temperature fluctuations in
the micro-wire is expressed as

τ
∂θ′

∂t
= ∂2θ′

∂η2 − (p′
w − q′

w)θ − (pw − qw)θ′ + Z ′
w , (8)

where the primes indicate fluctuations. This equation
can be reorganized to collect the terms related to ve-
locity and intensity fluctuations, denoted as u′ and
i′, respectively, and contained in p′

w, q′
w and Z ′

w. The
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Fig. 3 Dynamic response of the different hot-wires considered
in Figure 2 and Table 1 in terms of magnitude of the complex
transfer function D = î′/û′ for a range of the perturbation
frequency f . Amplitudes are normalized using values at f =
100 Hz.

reader is referred to the work of Li (2004) for de-
tails on the approach followed to assess the wire re-
sponse in terms of magnitude of the transfer function
D(ω) = î′(jω)/û′(jω) where jω refers to the complex
angular frequency and the hat to Laplace transformed
variables. The normalized transfer function amplitude
is expected to provide relevant quantitative results for
comparing attenuation effects in different wires.

However, it is important to note that this analy-
sis has limitations and will not perfectly model the
true, experimental wire responses. Three key simplifi-
cations are emphasized. Firstly, resistance fluctuations
of the stubs are ignored. It is assumed that overall resis-
tance fluctuations are mainly influenced by those of the
micro-wire, owing to the significant difference of ther-
mal inertia and heat exchange with the flow between the
two elements. This implies that the effect of the stubs on
the dynamical response of the wires is solely captured
through a modification of the static temperature dis-
tribution. Secondly, the analysis considers only uniform
velocity perturbations along the micro-wire, despite the
presence of various transverse turbulent length scales
interacting with it. Lastly, perfect wire resistance com-
pensation at all times is assumed, neglecting coupling
with the CTA system. While this aspect is beyond the
scope of this analysis, it may be explored further fol-
lowing the work of Li (2004) and Samie et al (2018a)
for instance.

Figure 3 displays the magnitude of the transfer func-
tion for the different hot-wires considered in Figure 2.
Similarly to Li (2004), the reference 1.25 mm long HW
begins to exhibit attenuation at a few hundred Hertz. In
contrast, a µHW designed without stubs (thus relatively
similar to a NSTAP) significantly increases this cut-off
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frequency to around 8 kHz but also displays a larger and
steeper attenuation beyond this threshold. This sub-
stantial high-frequency attenuation may not pose a se-
vere limitation depending on the specific frequency con-
tent of the flow under consideration, as demonstrated
for example by NSTAP measurements reported in the
work of Samie et al (2018b). More importantly for the
present study, the addition of stubs to this micro-wire
appears to mitigate this high-frequency attenuation,
approximately halving it and consequently improving
the micro-wire cut-off frequency. Moreover, increasing
the micro-wire length further reduces the attenuation,
but at the cost of a reduction in the micro-wire cut-
off frequency. These results suggest for instance that
spectral differences may be experimentally observed be-
tween the 60 µm and 200 µm µHW probes for frequen-
cies around 10 kHz. This point is further discussed in
Section 5, where no such differences are reported.

This analysis suggests that incorporating thin, elon-
gated stubs, as proposed in Section 2.1, should overall
improve the spectral response of a micro-wire. However,
an experimental validation is necessary due to the limi-
tations of this analytical approach. This is addressed in
the rest of this work. Section 3 provides details on the
manufacturing process of such µHW probes and anal-
yses their steady electrical and aerodynamic responses.
These probes are then tested to measure near-wall ve-
locity fluctuations in a turbulent boundary layer: Sec-
tion 4 provides a description of the experimental setup
and the actual performance of the µHW probes are fi-
nally discussed in Section 5.

3 Fabrication and characterization of the probe

3.1 Manufacturing process

The fabrication steps for the µHW probes involve sev-
eral key processes. The primary structural material is
silicon, a semiconductor largely used in microtechnol-
ogy. Starting with a 4 inch 200 µm-thick double-side
polished Si wafer, 200 nm-thick layers of silicon nitride
(SiNx) are formed on both sides through Low-Pressure
Chemical Vapor Deposition (LPCVD). This deposition
method yields flat and robust electrically insulating lay-
ers with low residual tensile stresses and ensures con-
sistent repeatability in fabrication (Temple-Boyer et al
1998).

Subsequently, a single 200 nm-thick layer of plat-
inum is added using Electron Beam Physical Vapor De-
position (EBPVD), providing thermo-resistive param-
eters closely matching those of bulk Pt. Platinum is
chosen as the conductive material for the micro-wires
due to its durability and stability. Importantly, a very

Si

Pt

SiNx

photoresist

Si

Pt

Si

Pt

Pt

Si

Pt

Si 54.7°

(a) Pt masking

(b) Pt etching

(c) SiNx masking and etching

(d) Back-face SiNx masking
and etching

(e) Si etching with KOH

Fig. 4 Schematic of the manufacturing steps of the µHW
probes (cross-sectional view containing the micro-wire).

thin tantalum oxide (TaxOy) adhesive layer is added
before Pt deposition (Johnson et al 1990). This adhe-
sive layer plays a crucial role in ensuring the long-term
stability of the thermo-resistive properties of the wires
discussed in Section 3.2.

Once this stack of materials is obtained, standard
semi-conductor fabrication techniques are used to pro-
duce the µHWs. The different steps are summarized in
Figure 4. Before each step, the samples undergo a care-
ful cleaning process in ultrasound baths filled with ace-
tone and ethanol, followed by rinsing with de-ionized
water and dehydration. Each layer of Pt and SiNx
is then sequentially patterned using photo-lithography
and etched by Reactive Ion Etching (RIE) (Figures 4(a-
d)). The final step aims at shaping the Si substrate,
without the requirement to produce streamlined sen-
sors as explained in Section 2.1. An alkaline solution
of potassium hydroxide (KOH) is thus used to etch the
silicon and free the elongated bridge and the micro-
wire. Importantly, this solution etches the silicon sub-
strate following its crystal planes. Using a ⟨100⟩ ori-
entation Si wafer, etching occurs at an angle of 54.7◦

from the horizontal axis (Figure 4(e)). Therefore, par-
ticular attention has to be given to the design of the
photo-lithographic masks to account for this. Finally,
the samples are rinsed in a deionized water solution
and are briefly immersed in acetone and isopropanol to
remove potential residues.

An example of a µHW probe is presented in Fig-
ure 5(a) with a detailed focus on the micro-wire it-
self shown in Figure 5(b). The µHW probe is mounted
onto a custom Printed Circuit Board (PCB) connec-
tor, specifically designed to fit into standard HW probe
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stubstub

Pt

micro-wire

SiNx
reinforcement

(a)

(b)

ℓ

Fig. 5 (a) Scanning Electron Microscopy (SEM) image of a
µHW probe with ℓ = 60 µm mounted on a custom PCB con-
nector; (b) Close-up of the micro-wire.

supports. This connector eliminates the need for con-
ductive glue, which could introduce additional contact
resistances between the sensor and its support. In this
design, the connection is done using aluminum bonding
wires that were found to be very robust across various
flow conditions.

3.2 Electrical properties

Adjusting the operating overheat ratio of each µHW
probe requires knowledge of their thermo-resistive pa-
rameters, namely R0, which is the resistance at 0 ◦C,
and α0, the temperature coefficient of resistance.

These parameters are estimated for each µHW
probe by placing them in a calibration oven and mea-
suring the total probe resistance R(T ) across a tem-
perature range using a constant current of 0.1 mA. A
linear-regression then provides estimates of R0 and α0.
These parameters apply to the entire µHW probe rather
than the micro-wire alone. The value of R0 thus de-
pends on the lengths of both the stubs and the micro-

wire. For instance, at an ambient temperature of 20 ◦C,
the total resistance of a µHW probe with ℓ = 60 µm is
in the order of 100 Ω, while it is approximately 160 Ω for
ℓ = 200 µm. The resistances of the micro-wires them-
selves can be estimated knowing the geometry of the
probes and the resistivity of Pt, resulting in values of
approximately 35 Ω and 110 Ω at ambient temperature,
respectively.

The TCR α0 is solely determined by the wire ma-
terial and remains constant for every µHW probe, re-
gardless of the micro-wire length. The values obtained
are in the order of 0.0036 K−1. These values are near
that of bulk platinum α

(Pt)
0 = 0.0039 K−1, which is ben-

eficial since large TCR values enhance the probe sensi-
tivity. For comparison, the Pt-based micro-probes fab-
ricated at Princeton University and at Twente Univer-
sity have significantly lower TCR values, ranging from
0.0016 K−1 to 0.0022 K−1 (Vallikivi and Smits 2014; Le-
The et al 2021).

The stability of the µHW probes was studied to
evaluate the magnitude of temporal drift of resistance
during operation. Tests were performed by setting a
newly fabricated µHW probe at a temperature of 200 ◦C
for several days. Its resistance was continuously moni-
tored and the largest amplitude variation observed over
17 days was about ±1.1‰ of the mean value. These
minute variations are however likely the result of minor
changes in the oven temperature rather than changes in
the thermo-resistive parameters of the probe. This ex-
cellent stability was finally also observed during opera-
tion in wind tunnels, confirming that no prior anneal-
ing of the probe is necessary, an aging process that is
sometimes required for HW probes (Vallikivi and Smits
2014).

3.3 Operation and aerodynamic calibration

The µHW probes were operated at constant tem-
perature to perform velocity measurements. This was
achieved using a commercial CTA module from Dantec
Dynamics (90C10) operated with a 1:1 bridge and an
external resistor to set the resistance overheat ratio at
an approximate value of 0.7.

The static response of the µHW probes was studied
using a jet calibration unit regulated in velocity. The
mean CTA output voltage E is given as a function of
the mean flow velocity U in Figure 6 for a µHW probe
with ℓ = 60 µm. An excellent fit with relative errors
lower than 0.25‰ is observed using the classical King’s
law expressed as E2 = a + b Un where a, b, and n are
the calibration parameters. This excellent fit, even ob-
served for low velocities, supports the use of such a law
despite the non-cylindrical shape of the micro-wires,
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Fig. 6 Calibration results for a µHW probe with ℓ = 60 µm and
fitted with King’s law. Uncertainties on velocity measurements
of ±1% are indicated using red error bars. Resulting uncertain-
ties on the parameters a, b and n are ±0.23%, ±0.61%, ±0.37%,
respectively. Relative errors provide relative differences between
the fit and measurements.

which is consistent with the work of Vallikivi (2014)
on the NSTAP for example. Similar fit results were ob-
tained with the others µHW probes.

For TBL measurements in the wind tunnel, each
µHW calibration was performed with an assumed un-
certainty on the mean flow velocity measured by a Pitot
tube of ±1%. The uncertainties and covariances of the
calibration parameters were assessed based on this esti-
mate, resulting in uncertainty intervals provided in the
caption of Figure 6. Finally, errors between calibration
results obtained before and after a complete TBL pro-
file measurement as performed in Section 4 were exper-
imentally evaluated to be on the order of 0.1%. These
errors were found to be induced by minor flow temper-
ature drifts, confirming the thermo-resistive stability of
the probes during operation.

3.4 Square wave test response

As mentioned in Section 1, the SWT does not fully
capture the frequency response of a HWA system. It
is primarily used here to demonstrate the stability of
the HWA system operating with a µHW probe in CTA
mode and to compare responses with conventional HW
probes.

Figure 7(a) presents examples of SWT responses ob-
tained using both a reference 1.25 mm HW and a 80 µm
µHW in a uniform flow at 25 m s−1. For these measure-
ments, the CTA amplifier filter and gain were set to
their minimum values, allowing a comparison of the
responses of the two HWA systems with similar con-
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6.5 15.1
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Fig. 7 SWT responses for (a) a reference 1.25 mm HW probe
and an 80 µm µHW placed in a uniform flow at 25 m s−1 with
minimal tuning of the CTA system, and (b) the same µHW
probe but with improved CTA tuning, tested at two flow ve-
locities. The vertical red dashed line marks the temporal delay
τ3 for which 3% of the maximum amplitude is reached. This
value is commonly used to estimate the SWT cut-off frequency
as 1/(1.3τ3) (Freymuth 1977).

figurations. Characteristic time responses are provided,
corresponding to SWT cut-off frequencies of approxi-
mately 51 kHz for the system with the reference HW
probe and 118 kHz for the one with the µHW probe.

Tuning the CTA module can reduce this character-
istic time. An optimized response for the HWA system
operating the µHW probe is illustrated in Figure 7(b)
for mean flow velocities of 10 m s−1 and 25 m s−1. The
former corresponds to the mean velocity measured at
the location of maximum fluctuation in the TBL dis-
cussed in Section 5. Similar stable operation is observed
in both cases, with a SWT cut-off frequency of approxi-
mately 145 kHz. Furthermore, both temporal responses
are slightly under-damped, aligning with recommenda-
tions for achieving flat spectral responses (Bruun 1996)
and suggesting suitable tuning for conducting velocity
measurements across the TBL (Hutchins et al 2015).
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Fig. 8 Sensitivity to pitch angle ϕ of a µHW probe (ℓ = 60 µm)
and a NSTAP. U is the mean velocity measured by the probe
and U0 is the one measured at ϕ = 0◦.

3.5 Angular sensitivity

The angular configuration of a HW probe can signif-
icantly impact measurements due to disturbances in-
duced by elements like the prongs and the stem (Comte-
Bellot et al 1971). In addition, the present micro-wire
is not circular but has a ribbon shape, and the current
probes have to be slightly inclined to perform near-wall
velocity measurements. Therefore, a sensitivity analysis
to pitch angle ϕ was conducted to gain further insight
into the performance of the µHW probes.

The pitch sensitivity of a 60 µm µHW probe is dis-
played in Figure 8 alongside measurements obtained
with a NSTAP. While both probes exhibit relatively
similar trends, slight differences can nonetheless be em-
phasized. Firstly, for negative pitch angles, the veloci-
ties measured by the µHW probe tend to be underes-
timated, whereas the NSTAP yields slightly overesti-
mated values. Secondly, the derivative ∂(U/U0)/∂ϕ for
the µHW probe is close to zero around ϕ = 0◦, indicat-
ing minimal sensitivity of the probe to pitch angle (or
equivalently to velocity vector angle) within the range
of ±5◦. This result could be attributed to the use of
elongated stubs, which are expected to reduce the in-
fluence of the prongs on the flow interacting with the
micro-wire.

For velocity measurements in a TBL, it is then rec-
ommended to operate the µHW probes with a pitch an-
gle in the range of ±5◦ to minimize probe disturbance
effects. However, this analysis was conducted in a free
flow, and additional disturbances should be expected
when the probe is placed close to a wall as highlighted
in Section 5.

ϕ

x⃗

z⃗

Fig. 9 Photograph of a µHW probe positioned on a flat plate
with an absolute pitch angle ϕ = 5.3◦.

4 Experimental study in a turbulent boundary
layer

The performance of µHW probes with different micro-
wire lengths was experimentally assessed by measuring
velocity profiles in a zero-pressure-gradient turbulent
boundary layer. This section details the experimental
setup used (Section 4.1), some characteristics of the
TBL (Section 4.2), the way TBL parameters and un-
certainties are evaluated (Section 4.3) and the different
types of probes that were operated (Section 4.4).

4.1 Experimental setup

The experiments were conducted in an open return
wind tunnel with a working section measuring 2.5 m ×
0.4 m×0.3 m, where a 1.8 m aluminum flat plate featur-
ing an elliptical leading edge was mounted. The bound-
ary layer developing on this plate was triggered using a
0.3 mm thick zig-zag tape positioned 10 cm away from
the leading edge.

Velocity measurements with the different HW
probes considered in this work were obtained at an ax-
ial location 1.3 m from the leading edge. A Pitot tube
was installed at this location, in the uniform freestream
region, serving as a reference for in-situ velocity calibra-
tion of the HW probes.

Positioning of all the HW probes relatively to the
wall was achieved using a 5 Mpx camera equipped with
a 180 mm macro lens. This allowed to adjust the ver-
tical location of the probes with a visual accuracy of
about 50 µm, but it also provided a way to evaluate the
pitch angle, as illustrated in Figure 9 where ϕ = 5.3◦.
As also shown in this figure, the µHW probes were used
upside-down. This orientation of the probe allows to po-
sition the micro-wire closer to wall, without being con-
strained by the thickness of the Si substrate. However,
this positioning approach does not provide a sufficiently
accurate estimate of the distance of the wire from the
wall, which is an important variable in the identification
process of the TBL parameters (Örlü et al 2010). The
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exact wall location is then later corrected during post-
processing of the velocity profiles as detailed in Sec-
tion 4.3. Finally, the HW probes are traversed within
the TBL using a precision linear stage (Newport UTS
150-PP), having a displacement accuracy of ±1.7 µm.

All the HW probes were controlled with the same
CTA module (90C10, Dantec Dynamics). The µHW
probes and the NSTAP were operated as detailed in
Section 3.3 whereas the reference 1.25 mm HW probe
was operated using a 1:20 bridge. The CTA module out-
put signal was directly acquired using a 24-bit acquisi-
tion card (NI-9239) at a frequency of 50 kHz. For each
measurement point in the TBL, the CTA signal was ac-
quired over a duration Tac of 30 s, yielding more than
40 000 boundary layer turnover times δ/U∞, which is
considered sufficient to provide converged TBL statis-
tics (Hutchins et al 2009). Concurrently, freestream
measurements obtained from the Pitot tube and a ther-
mocouple were acquired to discard measurements for
which external velocity and temperature varied by more
than ±0.5% during one complete traverse. The classi-
cal square-root temperature correction is applied dur-
ing post-processing to reduce residual biases induced by
any remaining flow temperature drifts (Bruun 1996).

4.2 Details on the TBL

The wind tunnel was operated at a freestream veloc-
ity U∞ = 25 m s−1 with its ceiling adjusted to yield
a zero-pressure-gradient (ZPG) TBL. At the axial lo-
cation where HW measurements were performed, the
resulting mean friction velocity Uτ is in the order of
1.0 m s−1 and the TBL thickness δ99 is approximately
18 mm. Under normal atmospheric conditions, with
Tatm = 20 ◦C, the friction Reynolds number is then
Reτ = δ+

99 ≈ 1150. Significant energetic content is ob-
served up to fmax ≈ 20 kHz and f+

max ≈ 0.3, a value in
agreement with the upper bound proposed by Hutchins
et al (2009). This frequency is below the Nyquist fre-
quency of the acquisition system, preventing aliasing.

To better assess the state of the present TBL, a sim-
ple approach is to rely on a variant of the diagnostic plot
proposed by Alfredsson and Örlü (2010), which does
not require any estimate of the wall position or friction
velocity. In Figure 10, the ratio u′/U of (sample) ve-
locity standard deviation to mean velocity is displayed
as a function of the normalized mean velocity U/U∞
for measurements obtained using a reference 1.25 mm
HW probe and using a NSTAP provided by Prince-
ton University. These results can be compared to the
linear empirical relation proposed by Sanmiguel Vila
et al (2017) in the outer region of the TBL (such that
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Fig. 10 Diagnostic plot of velocity measurements obtained
with a reference 1.25 mm HW and with a NSTAP. The in-
set highlights the comparison with the linear relation proposed
by Sanmiguel Vila et al (2017) for a well-behaved ZPG TBL
and with DNS results provided by Schlatter and Örlü (2010)
for a TBL profile at δ+ = 1145.

0.7 < U/U∞ < 0.9), and expressed as

u′

U
= γ − β

U

U∞
(9)

with γ = 0.28 and β = 0.245 for “well-behaved” ZPG
TBLs. A satisfactory agreement is obtained in this re-
gion of the TBL for both sets of measurements, indi-
cating a relative canonical state. Differences between
the reference HW and the NSTAP measurements are
however observed in regions of the TBL closer to the
wall, for U/U∞ < 0.7. This discrepancy reflects the
effect of spatial filtering of the small eddies by the ref-
erence 1.25 mm HW. This is particularly emphasized
by comparing the measurements with DNS results pro-
vided by Schlatter and Örlü (2010) for a ZPG TBL at
δ+ = 1145, showing a satisfactory match with NSTAP
data.

4.3 Measurement uncertainities and TBL parameters
estimation

This section aims to evaluate uncertainties in µHW
velocity measurements and TBL parameter estimates.
Sources of bias or systematic measurement errors are
addressed later, alongside the results presented in Sec-
tion 5. Importantly, it should be noted that no correc-
tions are applied to the measurements to account for
errors induced by near-wall effects, for instance. There-
fore, the uncertainties evaluated here can only indicate
plausible measurement dispersion around potentially
biased values.



12 Baradel et al.

The main source of uncertainty in the present HW
velocity measurements was estimated to originate from
the HW calibration. Other sources of uncertainty such
as statistical estimation, atmospheric variations and
voltage reading were found to be comparatively negligi-
ble by at least one order of magnitude. Calibration un-
certainties were propagated to mean and velocity vari-
ance estimates obtained from HW measurements using
a Monte Carlo approach that relies on the uncertainty
covariance matrix of the calibration parameters, as de-
tailed for example by Rezaeiravesh et al (2018).

TBL parameters were then evaluated by fitting a
composite analytical profile proposed by Chauhan et al
(2007) to the mean velocity measurements with uncer-
tainty, thus providing estimates for the mean friction
velocity Uτ , the wake parameter Π and the (theoretical)
boundary layer thickness δ. Furthermore, given the rel-
ative canonical state of the present ZPG TBL, the min-
imized objective function was augmented by an addi-
tional loss on the wall location z0, promoting a location
of the peak of velocity variance near (z − z0)+ = 15.
The value of the von Kármán constant is here assumed
to be 0.384 following Nagib and Chauhan (2008). Fi-
nally, near-wall measurements clearly biased by con-
duction or intrusivity effects were discarded prior to
fitting. The diagnostic plot shown later in Section 5.1
was particularly useful in this regard, indicating that
the first 5 points in the present measurements should
typically be omitted.

As a result, uncertainties on the estimated TBL pa-
rameters were also obtained, with a typical interval of
±0.5% for the mean friction velocity Uτ . However, this
approach assumes that no bias is present in the mea-
surements and that the chosen model is perfect. As dis-
cussed in Section 5, the present near-wall HW measure-
ments are most likely biased due to intrusivity effects.
Given the definite influence of near-wall mean velocity
on the estimated parameters, it was considered more
reasonable to assume an actual uncertainty on Uτ of
±1% for this indirect approach. This uncertainty on
Uτ was finally algebraically propagated to estimates of
inner-scaled quantities such as U+ and (u′2)+.

4.4 Tested HW probes

The five µHW probes selected in Section 2.1 were manu-
factured and used for TBL measurements. Dimensional
characteristics are summarized in Table 2 and can be
compared with those of the reference HW probe and
the NSTAP. Notably, only the reference probe presents
a viscous-scaled wire length ℓ+ greater than 13, thus
yielding spatially-filtered results, as already illustrated
in Figure 10.

Probe ℓ (µm) ℓ+ ℓ/w ℓ/t Λ Yw σw

ref. HW 1250 81.34 250 250 5.09 2.49 0.22

µHW 60 3.90 40 150 2.07 0.92 0.42
µHW 80 5.21 53 200 2.77 1.39 0.32
µHW 100 6.51 67 250 3.45 1.85 0.26
µHW 150 9.76 100 375 5.19 2.93 0.16
µHW 200 13.01 133 500 6.95 3.98 0.12

NSTAP 60 3.90 30 600 2.01 1.17 0.52

Table 2 Characteristics of the different probes used for TBL
measurements: length of the hot-wire element ℓ, ratios to other
characteristic lengths (ℓ+, ℓ/w and ℓ/t), and estimated parame-
ters for quantification of end-conduction effects for a mean flow
velocity of 10 m s−1 (Λ, Yw and σw). The last two parameters
are estimated relying on the analytical model described in Sec-
tion 2.2.

Table 2 also presents estimates for three parameters
defined in Section 2.2, aiming to evaluate the impor-
tance of end-conduction effects. Values of the Λ param-
eter range from 2 to 7 for the µHW probes; however,
theses values are provided for reference only, as this
parameter is not specifically tailored to account for the
presence of elongated stubs, as discussed in Section 2.3.
More relevant for this study, the values of the extended
Biot number Yw range from 0.9 to 4, while the percent-
age of heat conducted to the stubs ranges from 42% to
12%, respectively.

5 Results and discussion

5.1 Velocity statistics

The diagnostic plot in Figure 11 shows velocity mea-
surements obtained with the HW probes listed in Ta-
ble 2. The various µHW probes tested exhibit consistent
profiles, aligning well with NSTAP results and DNS
data. Although minor differences may be observed in
the outer region (see the discussion in Appendix A for
a plausible explanation), the main deviations between
µHW measurements (NSTAP included) and DNS re-
sults are found in the near-wall region, for U/U∞ < 0.4,
approximately corresponding to z+ < 20. These dis-
crepancies highlight the presence of biases in the near-
wall measurements of U or u′. Interestingly, these bi-
ases appear to be relatively independent of the micro-
wire length, as no discernible trend is evident in Fig-
ure 11. This suggests that the observed bias might be
due to the prongs. The simple design of the µHW pro-
totypes likely causes a blockage effect, particularly near
the wall, which can vary between probes. For instance,
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Fig. 11 Diagnostic plot of velocity measurements obtained us-
ing a reference HW probe, µHW probes with different micro-
wire lengths ℓ and a NSTAP. The same DNS dataset as in
Figure 10 is used for comparison.

their orientations relative to the wall are not precisely
controlled and can differ by about ±0.5◦ in pitch an-
gle, potentially contributing to the observed variations.
Similar deviations are seen with the NSTAP, which also
shows slight but comparable near-wall intrusivity ef-
fects.

Profiles along the viscous-scaled wall-normal direc-
tion z+ of velocity statistics estimated from measure-
ments obtained with the different HW probes are dis-
played in Figure 12. Examining the profiles of mean
velocity U+ in Figure 12(a), an overall satisfactory col-
lapse of all the acquired data is observed. Compared
to the reference HW probe, micro-wires achieve mea-
surements much closer to the wall, reaching into the
viscous sub-layer down to z+ = 2 for the present flow
configuration. However, for such near-wall locations, a
bias arises due to heat transfer from the wire to the
wall. This results in overestimated values of flow veloc-
ity as compared to the law of the wall for z+ < 5, in
agreement with Lange et al (1999). The second criti-
cal aspect of the µHW measurements is the presence
of another source of bias for z+ below 20. This can be
seen by comparing the present results with the DNS
data of Schlatter and Örlü (2010): as shown in the in-
set of Figure 12(a), mean velocity values are slightly
underestimated in the buffer layer, for z+ around 10. As
previously discussed using the diagnostic plot shown in
Figure 11, these discrepancies are most likely the con-
sequence of near-wall intrusivity effects.

Examining now the profiles of viscous-scaled vari-
ance, skewness and excess kurtosis shown in Fig-
ures 12(b-d) reveals satisfactory results, as highlighted
by comparison with the DNS data. Notably, all the
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Fig. 12 Profiles of the first four moments of velocity obtained
with the probes listed in Table 2: (a) inner-scaled mean velocity
U+, (b) inner-scaled velocity variance (u′+)2, (c) skewness and
(d) excess kurtosis. The DNS dataset is the one used in Fig-
ure 10. Figures (a) and (b) display error-bars associated with
uncertainties as evaluated in Section 4.3. Details on the TBL
are given in Section 4.2.
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µHW probes, including the NSTAP, yield overlapping
profiles for the three moments. Classical near-wall fea-
tures are well retrieved: the peak of variance and a zero-
crossing of the skewness are observed at z+ = 15, and
the excess kurtosis reaches its minimum slightly closer
to the wall. These excellent agreements suggest that the
near-wall intrusivity effects previously identified for z+

around 10 mainly influence local mean velocity values,
while having a lesser effect on the shape of the velocity
distribution. However, closer examination of the veloc-
ity variance profiles reveals some discrepancies between
DNS and µHW probe measurements in the logarithmic
region of the TBL (for 50 < z+ < 500, approximately).
Slightly overestimated values of (u′+)2 are systemati-
cally observed. This bias may be attributed to the probe
response to instantaneous flow velocity angle, as dis-
cussed in Appendix A. Finally, as expected, the refer-
ence probe with a wire length ℓ+ = 81 shows inaccu-
rate profiles, mainly due to spatial filtering of near-wall
small-scale structures.

5.2 Turbulence spectra

The velocity statistics obtained from the tested µHW
probes indicate no major differences, suggesting min-
imal spatial filtering or end-conduction effects. While
limited spatial filtering was anticipated since the micro-
wires meet the criterion ℓ+ < 13, the absence of end-
conduction effects is less expected based on the analysis
conducted in Section 2.4.

A finer investigation is conducted by examining
viscous-scaled pre-multiplied frequency spectra in Fig-
ure 13 at the two wall-normal locations z+ = 15
and z+ = 300. Remarkably, consistent results are ob-
served across all the µHW probes in both cases. Even
for viscous-scaled frequencies f+ exceeding 5 × 10−2,
roughly corresponding to a frequency of 3 kHz un-
der the current flow conditions, no significant differ-
ences are apparent. In comparison, the reference HW
probe clearly yields attenuated spectra over the entire
range of displayed frequencies in Figure 13(a) and for
f+ > 1 × 10−2 in Figure 13(b).

Referring to the frequency cut-off and attenuation
predicted by the model of µHW probes and illustrated
in Figure 3, these results suggest two potential scenar-
ios: either the frequency cut-off of the current µHW
probes is higher than anticipated and difficult to ob-
serve with the present spectral content, or attenuation
effects are less severe than estimated. It is plausible
that the model, as described in Section 2, is overly con-
servative, owing to approximations made in estimat-
ing the dynamic response of µHW probes, and possibly
due to uncertainties in the actual parameters of the
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Fig. 13 Viscous-scaled pre-multiplied velocity spectra ob-
tained with the reference HW and the µHW probes listed in
Table 2, at the wall-normal locations (a) z+ = 15 and (b)
z+ = 300.

model (such as material thicknesses, thermal and elec-
trical properties of thin layers, etc.).

6 Conclusion

The concept of micro-hot-wire probes, designed with
thin elongated stubs to mitigate intrusivity and spec-
tral attenuation, was evaluated through both of an ana-
lytical 1D model and measurements in a zero-pressure-
gradient TBL.

The model highlighted the effects of this design
choice on both the static temperature distribution
within the micro-wire and its frequency response. Over-
all, compared to a micro-probe without stubs, an in-
crease of the wire extended Biot number, noted Yw in
this work, appears achievable. As a result, notable re-
duction in spectral attenuation can be expected. While
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the developed model effectively captured the associated
trends and orders of magnitude, therefore providing
guidance for designing new µHW probes and explor-
ing the parameter space, experimental results obtained
in the TBL suggest either that the model may need re-
finement to yield more accurate estimates of the wire
frequency response, or that the model parameters are
not known with sufficient accuracy. With the current
model, the micro-wire spectral responses appear to be
underestimated. To address these two points, dedicated
studies may be considered. First, similar to Hutchins
et al (2015), application to higher Reynolds-number
flows should provide broadened turbulence spectra, al-
lowing for a better identification of attenuation pro-
files and cut-off frequencies of the µHW probes. Sec-
ond, it is known that electrical and thermal properties
of thin layers can differ from bulk values (see for ex-
ample Zhang et al (2005)). A finer characterization of
the Pt and SiNx layers used in this work should thus
be considered.

The experimental part of this work demonstrated
the ability of these “easy-to-fabricate” prototypes of
µHW probes to provide satisfactory measurements of
various moments of velocity in a ZPG TBL. Notably,
the measured velocity statistics compared favorably
with those obtained using the NSTAP, and these new
µHWs showed remarkable stability in thermo-resistive
properties. As expected, no significant spatial filtering
was observed in the results obtained with probes featur-
ing different micro-wire lengths, all satisfying ℓ+ < 13.
This suggests that the effective sensing part of the
probe is primarily defined by the micro-wire itself,
with a contribution of heated parts of the elongated
stubs likely negligible. Furthermore, no discernible end-
conduction effects were observed under the present flow
configuration. This could be attributed to the fact that
the frequency cut-offs of the µHW probes exceed the
maximum relevant frequency of the flow, calling for
measurements in different flow conditions with higher
Reynolds numbers.

Despite the satisfactory results achieved, attributed
in part to the use of elongated stubs, intrusivity effects
were still identified. These effects were particularly no-
ticeable in mean velocity measurements in close prox-
imity to the wall and in velocity variance estimates in
the logarithmic region of the TBL. The primary cause
of these biases was attributed to the geometry of the
prongs, indicating that while the stubs improve per-
formance, they do not completely resolve this inherent
issue with HWA. This underscores the need for further
investigation into prong design. It is expected, for in-
stance, that stationary simulations can help reproduce
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Fig. 14 Profiles of (a) mean velocity and (b) velocity variance
in wall-units comparing the DNS data of Schlatter and Örlü
(2010) at δ+ = 1145 to a synthetically-generated HW signal
accounting for flow angle sensitivity deduced from Figure 8.

such intrusivity effects and thus offer insights toward
improved designs for accurate near-wall measurements.
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A Effect of angular sensitivity on velocity
fluctuation measurements

Pitch angle sensitivity of the probe, as described in Section 3.5
can alternatively be understood as the probe sensitivity to in-
stantaneous flow velocity angle. This appendix highlights how
the probe response shown in Figure 8 could bias HW velocity
measurements.

To qualitatively illustrate this, a synthetic case is consid-
ered using the DNS results of Schlatter and Örlü (2010) at
δ+ = 1145. For every wall-normal position z, a 2D synthetic
signal (ui, vi)T is generated by drawing 100 000 samples from a
bivariate normal distribution defined by a mean vector (U, 0)T

and a 2 × 2 covariance matrix built with u′2, v′2 and the cross-
correlation term uv. This approach is intended to generate a
2D synthetic signal with first and second moments matching
those of the DNS data, even though real TBL velocity sam-
ples are 3D and non-normally distributed. For each sample, the
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instantaneous velocity angle is calculated to evaluate the asso-
ciated probe response factor deduced from Figure 8, which is
then applied to the axial velocity sample.

The mean and variance profiles of this synthetic HW sig-
nal are shown in Figure 14 and are compared to the reference
DNS profiles. While almost no difference is observed between
mean velocity profiles, with relative errors below 0.2%, a clear
overestimation is found in the profiles of velocity variance. This
overestimation is particularly evident in the logarithmic region
of the TBL, where maximum instantaneous flow angles are ex-
perienced, but is also present in the buffer layer and at the in-
ner peak to a lesser extent. These results remarkably reproduce
the trends shown in Figure 12(b), where µHW measurements
of velocity variance in the logarithmic region are consistently
slightly above DNS results. This suggests that this potential
source of bias, which likely also affects skewness and kurtosis,
should be further considered (and possibly corrected for) when
using micro-probes to precisely study velocity fluctuations in
turbulent flows.
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Örlü R, Alfredsson PH (2012) Comment on the scaling of the
near-wall streamwise variance peak in turbulent pipe flows.
Experiments in Fluids 54(1), doi:10.1007/s00348-012-1431-
0
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