
Vol.:(0123456789)1 3

Experiments in Fluids (2019) 60:99 
https://doi.org/10.1007/s00348-019-2743-0

RESEARCH ARTICLE

Design and validation of a nanoscale cross‑wire probe (X‑NSTAP)

Matthew K. Fu1   · Yuyang Fan2 · Marcus Hultmark1

Received: 14 January 2019 / Revised: 1 April 2019 / Accepted: 7 May 2019 / Published online: 27 May 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
A nano-sized crossed thermal anemometer (X-NSTAP) was developed and validated for measurements of two-components of 
velocity at high Reynolds numbers. The new sensor design is based on the single-component nanoscale thermal anemometry 
probe (NSTAP) previously used to acquire streamwise velocity measurements at high Reynolds numbers. The new sensor 
can, simultaneously, measure two components of velocity with a spatial resolution of 42 × 42 × 50 μm , an order of magnitude 
smaller in each dimension than conventional cross-wires. The new X-NSTAP design features several structural and manu-
facturing modifications to improve the aerodynamic performance of the sensor compared to previous nanoscale cross-wire 
designs. The effects of different manufacturing modifications were evaluated using dye visualizations over scale models of 
the sensor tip. The pitch sensitivity of the final sensor design was evaluated in an open-loop wind-tunnel and was compara-
ble to the single-component NSTAP design. The X-NSTAP was then deployed in the Princeton Superpipe to acquire axial 
and radial velocity measurements up to friction Reynolds numbers, Re� = 24,000 with good agreement to existing studies.

1  Introduction

In recent years, there have been significant advancements in 
our understanding of the behavior and scaling of turbulent 
fluctuations at high Reynolds numbers. The combination of 
specialized high Reynolds number facilities with new sub-
miniature, fast-response instrumentation has revealed phe-
nomena which have previously been hidden by sensor attenu-
ation (Hutchins et al. 2009; Hultmark et al. 2012). Often, this 
attenuation stems from spatial filtering of the flow field when 
the sensing element exceeds the smallest scales in the flow 
and will be exacerbated at higher Reynolds numbers as the 
separation between the flow scales increases (Willmarth and 
Sharma 1984; Ligrani and Bradshaw 1987a, b; Smits et al. 
2011). To address these limitations, a nanoscale thermal 

anemometry probe (NSTAP) was developed at Princeton 
University that features a freestanding, 60 × 2 × 0.1 μm , 
platinum-sensing element, an order of magnitude smaller 
than conventional probes (see Fig. 1a). Fabrication of this 
new device was made possible with semiconductor and 
micro-electro-mechanical system (MEMS) manufacturing 
techniques that have been thoroughly described by Bailey 
et al. (2010), Vallikivi et al. (2011) and Vallikivi and Smits 
(2014).

The NSTAP is operated in the same manner as a conven-
tional hot-wire and has been utilized in several high Reyn-
olds number flow studies. The NSTAP has been deployed 
in several different facilities and flow configurations, with 
favorable results. It was first used in the Princeton Super-
pipe to study the scaling of streamwise velocity fluctua-
tions in turbulent pipe flow at bulk Reynolds numbers up to 
ReD = 2UbR∕� = 6 × 106 (see Hultmark et al. 2012, 2013), 
where Ub is the bulk velocity, � is the kinematic viscosity, 
and R is the pipe radius. There, the streamwise turbulence 
intensities were found to exhibit a logarithmic profile con-
sistent with the theoretical predictions of Townsend (1976) 
and Perry et al. (1986), previously masked by probe resolu-
tion. Similarly, the NSTAP revealed clear logarithmic behav-
ior in a zero-pressure gradient turbulent boundary layer by 
Vallikivi et al. (2015) as well as the continued log-linear 
growth of the inner peak (Samie et al. 2018). Furthermore, 
the NSTAP has also been used to reveal an unexpected 
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influence of dissipative effects on the inertial-range statistics 
of classical grid turbulence at high Reynolds number (Sin-
huber et al. 2017). Despite these advancements, the conven-
tional NSTAPs are inherently limited to single-component 
measurements of turbulence, i.e., the streamwise component 
of velocity. Nevertheless, in wall-bounded turbulent flows, 
the wall-normal component of velocity is especially impor-
tant, as it plays a key role in turbulent transport towards and 
away from the wall and contributes to the dominant Reyn-
olds shear stress component, u′v′.

Perhaps the most common tool for multi-component 
turbulence measurements is the cross-wire anemometer, 
composed of two hot-wires placed in close proximity but 
different orientations with respect to the incoming flow 
(e.g., an “X” configuration). Through appropriate calibra-
tion, the two components of velocity in the plane of the 
wires can be decomposed from both of the signals. A typi-
cal cross-wire probe has a sensing volume of approximately 
1000 × 1000 × 1000 μm , which is significantly larger than 
the smallest scales in most turbulent flow facilities, and 
more than two orders of magnitude larger than the smallest 
scales present in the Superpipe at high Reynolds numbers. 
Consequently, there have been numerous efforts to develop 
sub-miniature, MEMS versions of cross-wires, most of 
which have been met with mixed results. Attempts such as 
those made by Löfdahl et al. (1992) and Chen et al. (2003) 
either did not improve the spatial resolution of the sensor 

or suffered from end-conduction effects. Vallikivi et al. 
(2012) developed and evaluated the performance of a single, 
inclined version of the NSTAP, dubbed the /-NSTAP. This 
NSTAP variant had a sensing wire with the same dimensions 
as the conventional NSTAP ( 60 × 2 × 0.1 μm ), but oriented 
at a 45◦ angle to the incoming flow on an asymmetric probe 
body, allowing maximum sensitivity to both streamwise and 
wall-normal velocity components. The design was evaluated 
in turbulent pipe flow with encouraging, although very scat-
tered, results. Fan et al. (2015) presented a novel method for 
combining two /-NSTAPs to form a nano-scale cross-wire 
version of the NSTAP probe, dubbed the X-NSTAP. While 
the resulting probe was found to exhibit excellent yaw sen-
sitivity with constant cooling angles from − 15◦ to 15◦ , the 
bulky and asymmetric probe design resulted in an adverse 
sensitivity to pitch angle ( � ), making the sensor unsuitable 
for most turbulence measurements (see Fig. 1b).

Here, the development of a significantly improved 
X-NSTAP design capable of two-component velocity meas-
urements at high Reynolds numbers is described. The new 
sensor design was informed by dye visualization in a laminar 
water channel over scale models of different NSTAP and 
/-NSTAP geometries to reveal the influence of the support 
structure on the flow field. Significant blockage was found 
over the /-NSTAP design considered by Fan et al. (2015) 
and Vallikivi et al. (2012), explaining the undesired sensitiv-
ity to pitch angles. After iterating through different support 
structure configurations to determine an adequate geom-
etry, it was found that the /-NSTAP design needed to be 
re-engineered with considerably thinner support structures 
to avoid interference with the sensing element. Despite the 
original /-NSTAP support tip being 10 μm thick at the lead-
ing edge, the flow visualization revealed that a tip thickness 
of ∼ 1 μm was necessary to mitigate flow obstruction. This 
was achieved by removing the silicon features in the prox-
imity of the sensing element and replacing it with a signifi-
cantly less bulky support. To ensure the structural integrity 
of the thinner, metallic features at the probe tip, a 1.4 μm 
thick layer of amorphous tungsten was added, significantly 
improving the robustness with a negligible change to the 
blockage. The resulting tip was found to have significantly 
less sensitivity to pitch angle, with performance compara-
ble to the original NSTAP design. Using the novel combin-
ing method developed by Fan et al. (2015), a sub-miniature 
cross-wire could then be fabricated with a sensing volume 
of 42 × 42 × 50 μm , an order of magnitude smaller in each 
dimension than conventional cross-wire probes. Because 
the dimensions of the wire filaments are identical to that of 
the single-component NSTAP, the probe has a significantly 
improved frequency response compared with conventional 
hot-wires due to the minuscule thermal mass of the sens-
ing elements. The performance of the combined probe was 

(a) Diagram of original NSTAP probe and scanning electron
microscope image of the 60 × 2 × 0.1 µm platinum sensing
located at the probe tip

(b) Coordinate system for pitch (α) and yaw (β) angles for 
NSTAP and /-NSTAP experimentsa

Fig. 1   Diagrams of conventional NSTAP design and coordinate sys-
tem
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then evaluated in the Princeton Superpipe with a convincing 
agreement to existing high Reynolds number measurements.

2 � Redesigning the /‑NSTAP

2.1 � Flow visualization of the probe tip

To better understand the flow obstruction created by the 
probes and improve their design, 3D-printed models of 
the regular and inclined NSTAPs (/-NSTAP) were tested 
in a low-speed water channel with a 3 m long test sec-
tion and a 0.45 × 0.3m cross-section. Two cameras were 
positioned to capture side and bottom views of the flow 
interaction (see Fig. 2a). 250:1 scale models of the NSTAP 
and /-NSTAP tips were fabricated with a laser-cut polyim-
ide sheet ( 15mm × 500 μm × 25 μm ) in place of the plat-
inum-sensing element and a 3D-printed support structure 
(fused deposition modeling of polylactic acid filament) 
in place of the silicon. To nominally match the model’s 
Reynolds number with those encountered by the actual 

sensor in a typical wind tunnel experiment, the water tun-
nel was operated at its minimum speed where the flow 
was observed to be steady, approximately 15 mm s−1 . This 
corresponds to a Reynolds number based on the wire width 
of Reb = U∞b�

−1 = 7.5 , where b is the 500 μm width of 
the model wire, and U∞ is the freestream velocity of the 
channel. Due to the limited channel cross-sectional area, 
the models were limited to 125mm in length, correspond-
ing to the leading 500 μm from the tip of the actual probes. 
Figure 2b shows a head-on view one of the models with a 
scanning electron microscope (SEM) image of an actual 
probe tip.

Green food dye was diluted to a density slightly higher 
than that of water and used to visualize the flow around the 
models. The dye reservoir was set at the level of the channel-
free surface, and dye was dispensed at approximately the 
same velocity of the flow. Images and videos of the visu-
alization were captured for dye released at a few different 
locations at pitch angles of 0◦ and 8◦.

Three different models of the probe tips were considered. 
First, the symmetric, single-component NSTAP model was 
considered as a baseline. Next, the original /-NSTAP design 
from Fan et al. (2015) was then evaluated to investigate the 
effects of the asymmetry on the flow field. Finally, a modi-
fied version of the /-NSTAP model was fabricated to emulate 
a tip with significantly thinner silicon support structures, 
and a sensing element shifted upstream. Representative 
visualizations of the flow around the tips of the NSTAP and 
Fan et al. (2015) /-NSTAP can be seen in the left and right 
columns of Fig. 3, corresponding to flow at 0◦ and 8◦ pitch 
angles, respectively. Streaklines of the green dye qualita-
tively show the interactions between the flow and the model. 
Figure 3a, b shows the symmetric NSTAP model at the two 
different pitch angles. In both cases, the streaklines appear 
unaffected by the pitch angles at the wire.

In the case of the original /-NSTAP model used by Fan 
et al. (2015) (see Fig. 3c, d), clear obstruction from the 
longer, asymmetric, “silicon support” is observed as signifi-
cant changes in the streaklines. This effect is more easily seen 
from the bottom views of the same model in Fig. 3e, f. While 
the longer support does not seem to alter the flow very much 
at 0◦ pitch angle (see Fig. 3e), when the model is pitched, 
disturbance to the flow creates 3-dimensional structures as 
seen in both Fig. 3d, f. These results are consistent with the 
characterization made by Fan et al. (2015), who proposed 
that the sensitivity to pitch angle was due to the silicon sup-
port structure near the wires, especially the frontmost one. 
Finally, in an attempt to mitigate these pitch-angle effects, 
a modified /-NSTAP model with thinner support structures, 
exposing more of the polyimide film, and upstream-positioned 
sensing element was evaluated. Figure 3g, h shows how the 
new /-NSTAP model with reduced support thickness gener-
ates less disturbance to the flow compared to the original 

(a) Flow visualization water channel diagram

(b) Scale model of /-NSTAP tip.

Fig. 2   Flow visualization setup for the /-NSTAP. a Diagram of 
NSTAP model mounted in the water channel (flow direction is from 
left to right) with two cameras capturing side and bottom views of the 
flow interaction. The red arrows indicate the direction of the cameras. 
b Image of the assembled 3D-printed model with the mock polyimide 
sensing element; inset is a SEM image of an actual probe, showing 
good resemblance to the between the scale model and actual sensor
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/-NSTAP design, further substantiating the hypothesis of Fan 
et al. (2015). This is most evident in the bottom view shown 
in Fig. 3h where the streakline is significantly less affected 
by the new probe body compared to the original /-NSTAP 
design in Fig. 3f.

2.2 � Tungsten‑tipped sensors

While reducing the size of the silicon supports is necessary to 
improve the aerodynamic performance of the probe, this new 
design would significantly compromise the robustness of the 
structures at the tip. In particular, reducing the amount of silicon 
exposes more of the 100 nm-thick platinum stubs and prongs, 
creating a larger, more fragile, freestanding structure compared 
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Fig. 3   Dye visualization of NSTAP and /-NSTAP models of Fan 
et  al. (2015) at 250:1 scale. Silicon supports are replaced by grey 
3D-printed models and the metallic features with a polyimide film. a, 
c, e, g Models at 0◦ pitch angle, b, d, f, h are models at 8◦ pitch angle. 
a, b The model of the symmetric, single-component NSTAP, without 
much flow disturbance near the wire at the pitched configuration; c, d 
show the model of the original /-NSTAP, and flow is obstructed when 

the model is pitched; e, f are bottom views of the same /-NSTAP from 
c, d (flow goes upward). A clean streakline with 0◦ pitch angle can be 
seen, but clear disturbance when the model is pitched. g, h The model 
of a thinner, redesigned /-NSTAP (less support material). The side 
views of the old /-NSTAP (c) and new /-NSTAP (g) at � = 0◦ show 
similar streakline behavior. However, the bottom view (h) of the new 
/-NSTAP shows significantly less disruption at � = 8◦ compared to f 
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to the original /-NSTAP. Therefore, to reinforce the platinum 
stubs/prongs, a relatively thick layer of amorphous tungsten 
( ∼ 1.4 μm ) is sputtered onto the platinum side, covering the 
stubs and prongs (not the sensing wire) before backside deep 
reactive ion etching (DRIE) takes place to release individual 
sensors. Tungsten was chosen because it has a relatively large 
Young’s modulus among pure metals and can be processed 
using sputtering deposition, allowing it to be layered at a precise 
thickness on top of the metal features to increase their stiffness 
without significantly increasing the blockage. An additional 60 
nm of platinum was added to the top of the tungsten layer to pro-
tect it from reacting in the plasma environment, which consider-
ably improved the quality and consistency of the probes. Impor-
tantly, any residual stress from thin film deposition will try to 
release itself once the rigid substrate is removed. This effect will 
cause the thin films to curl once the excess silicon is removed. 
Great care was taken to achieve an amorphous metallic film 
free of stresses by adjusting the argon deposition pressure in the 
magnetron sputtering system (Shen et al. 1999). While the most 
relevant alterations and additions to the /-NSTAP fabrication 
have been detailed above, a complete recipe for fabricating the 
thin /-NSTAP probes is detailed in Fan (2017).

2.3 � Pitch angle sensitivity

To evaluate the pitch angle ( � ) sensitivity of the new /-NSTAP 
design, velocity measurements were obtained in an open loop 
wind tunnel capable of free stream velocities from 5–20 m s−1 . 
The probe was mounted onto a manual rotary traverse to vary 
the probe pitch angle with respect to the incoming flow field 
and operated with a Dantec Dynamics StreamLine® Constant 
Temperature Anemometer circuit. Here, pitch sensitivities 
were evaluated at a free stream velocity of U∞ = 14m s−1 
that was measured via a Pitot-static tube. A comparison of 
the pitch sensitivities between the symmetric NSTAP, original 
/-NSTAP, and the modified /-NSTAP designs can be seen in 
Fig. 4. Velocity measurements for each probe are normalized 
by the “true” velocity measured at � = 0 and their deviation at 
different pitch angles is plotted. Though the sensing element 
dimensions for symmetric NSTAP and /-NSTAP are the same, 
the /-NSTAP has the sensing element at 45◦ to the incoming 
flow at � = 0 . Results (in black) for the symmetric NSTAP 
and original /-NSTAP are adapted from Fan et al. (2015). The 
symmetric NSTAP design exhibits changes of less than 2% 
for pitch angles − 15◦ ≤ � ≤ 15◦ , while the original /-NSTAP 
design exhibits deviations up to 20% from the “true” veloc-
ity for the same range. Importantly, the new /-NSTAP design 
exhibits a significantly reduced sensitivity to pitch angle com-
pared to the original /-NSTAP and is even slightly better than 
the symmetric NSTAP design at larger �.

3 � Combining probes to make a nanoscale 
cross‑wire probe (X‑NSTAP)

The /-NSTAPs that compose the X-NSTAP have an asym-
metric configuration with sensing wires positioned at a 45◦ 
angle to the incoming flow. To form a set of crossed wires 
within a small volume, it is crucial to keep the two sensing 
wires in close proximity without any physical or electrical 
contact.

A precise gap between the two probes is achieved with 
the novel probe combination technique outlined by Fan 
et al. (2015) (see Fig. 5a). The two NSTAPs are attached 
with their flat sides facing each other with a polyimide film 
used as the spacer. DuPont™Kapton® polyimide is flexible, 
mechanically robust, chemically inert, electrically insulat-
ing, thermally stable, and can be made as thin as 25 μm . 
The X-NSTAPs in this study are fabricated with an ultra-
smooth, 50 μm thick Kapton film that was patterned with 
gold traces (250 nm thick with a 10 nm adhesion layer). 
These gold traces were patterned on both sides of the Kap-
ton film, allowing each probe to be electrically connected 
to the stainless steel prongs and the operating circuit (see 
Fig. 5b). A flip chip bonder (Research Devices) and conduc-
tive silver epoxy (EPO-TEK® H22) were used to combine 

Fig. 4   Velocity measurement sensitivity to pitch angle ( � ) for differ-
ent probe designs. Mean velocity measurements, f  , for the different 
probe designs are shown at different pitch angles, � , normalized by 
the “true” velocity measured evaluate at � = 0 , U. (Dashed lines): 
pitch angle sensitivity of the conventional, straight-wire NSTAP 
design. Deviations from the “true” velocity measured at � = 0 are 
below 1% for |�| ≤ 10◦ Vallikivi and Smits (2014). (Solid lines): 
pitch angle sensitivity of the inclined single-wire NSTAP angled at 
45◦ developed by Fan et al. (2015). Deviations from the “true” veloc-
ity measured at � = 0 are significant for all pitch angles considered. 
(Yellow filled square box): pitch angle sensitivity of a newly designed 
inclined single-wire NSTAP angled at 45◦ . Deviations from the 
“true” velocity measured at � = 0 are comparable to the conventional 
NSTAP design and demonstrate a significant improvement over the 
Fan et al. (2015) design. All measurements were taken at free stream 
velocity of U∞ = 14m s−1 . Note that the inclined NSTAP has the 
sensing element at 45◦ to the incoming flow at � = 0 .  Image adapted 
from Fan et al. (2015)
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the /-NSTAP, Kapton, and prong assembly. Images of the 
X-NSTAP probe tip at different viewing angles can be seen 
in Fig. 6. Figure 6a shows the two /-NSTAP probes sand-
wiching the polyimide spacer from the side, while Fig. 6c 
more clearly shows the resulting 50 μm gap between the two 
/-NSTAPs. Figure 6b, d shows the probe tip from the size 
and illustrate the extent of the freestanding metal structures 
and the “X” formed by the sensing elements. The result-
ing measurement volume formed by the two probes is 
42 × 42 × 50 μm.

4 � Experimental methodology

4.1 � Princeton Superpipe facility

To evaluate the performance of the newly designed 
probe, measurements were conducted in the Princeton 
Superpipe, a fully turbulent pipe flow facility that uti-
lizes compressed air up to 220 atm as the working fluid. 

The details of the pipe facility are outlined extensively 
by Zagarola and Smits (1998), but the most relevant 
parameters are reiterated here. Tests were conducted in a 
smooth pipe of radius, R = 64.68mm which can achieve 
Reynolds numbers between 3.1 × 104 < ReD < 3.5 × 107 . 
The surface finish on the pipe is estimated to have a 
root mean square roughness of krms = 0.15 ± 0.03 μm 
and is shown to be hydraulically smooth up to 
ReD = 13.5 × 106 (Re𝜏 = Ru𝜏𝜈

−1 < 217 × 103) in McKeon 
et al. (2004), which exceeds the Reynolds numbers investi-
gated in this study. The streamwise pressure drop and the 
friction velocity, u� , were calculated using twenty 0.8mm 
diameter static wall pressure taps spaced evenly at 165.1mm 
streamwise increments upstream of the test section, where u� 
is determined from the wall shear stress, �w , and fluid den-
sity, � , as u� =

√
�w�

−1 . The measurement station is located 
approximately 196 diameters from the pipe entrance, and a 
measurement traverse is used to span the radius of the pipe. 
The differential pressure between the static taps was meas-
ured with a 1333 Pa range MKS transducer. The temperature 
of the working fluid was monitored with a K-type thermo-
couple and found to vary no more than ± 0.1 ◦C during a test.

4.2 � Instrumentation

The X-NSTAP was operated using a Dantec Dynamics 
StreamLine® Constant Temperature Anemometer circuit 
with dual channels. Each wire of the X-NSTAP was operated 
at a nominal overheat ratio, Rw∕R0 ≈ 1.2 , where Rw is the 
resistance of the wire during operation and R0 is the ‘cold’ 
resistance of the wire at ambient tunnel temperature. This 
overheat ratio roughly corresponds to a wire temperature 
of approximately 100 ◦ C above the ambient temperature. A 
Pitot tube with an inner diameter of 0.89m was used to cali-
brate the velocity sensitivity of the X-NSTAPs in situ. Static 
pressure was measured using two 0.40mm static pressure 
taps located in the pipe wall at the same streamwise location 
as the tip of the Pitot tube. The differential pressure between 
the Pitot and static ports was measured with Validyne DP15 
transducers with 1379 Pa, 8618 Pa, and 34,473 Pa ranges, 
and was used to calculate the local velocity at the location 
of the Pitot tube. These measurements were corrected for 
viscous effects associated with the size of the Pitot tube 
diameter in the manner outlined by McKeon et al. (2003) 
while turbulence and velocity gradients corrections outlined 
in the same study were found to have a negligible effect at 
the centerline. Similarly, the static pressure measurements 
used to calculate the dynamic pressure of the Pitot tube 
were corrected according to McKeon and Smits (2002) and 
were also found to have a negligible effect. The static gauge 
pressure of the working fluid was measured with an Omega 
PX303 transducer with a 500 psig range which, along with 

Fig. 5   Illustration of the probe combination technique introduced by 
Fan et al. (2015). a Two /-NSTAPs are assembled with their flat faces 
(i.e., the side that contains the sensing element and electrical traces) 
facing each other. The traces on the sensors are attached to the gold 
traces with conductive silver epoxy. b Illustration of the polyimide 
spacer used in the X-NSTAP assembly. The thickness of the spacer 
sets the separation of the sensing elements. Gold traces are patterned 
symmetrically on both sides of the film to allow for electrical connec-
tions to the sensing element
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the tunnel temperature, was used to determine the properties 
of the working fluid, i.e., density and viscosity following the 
methodology outlined by Zagarola (1996).

The displacement of the nearest wall-normal position of 
the X-NSTAP sensing wires and Pitot tube was determined 
with a depth microscope (Titan Tool Supply Inc.) with posi-
tioning accuracy of ± 1 μm before obtaining measurements. 
A linear optical encoder (SENC50 Acu-Rite Inc.) was then 
used to track the wall normal displacement, and an electri-
cal limit switch was used to ensure repeatable positioning 
near the wall. The X-NSTAP was oriented to simultaneously 
resolve axial ( uz ) and radial ( ur ) velocity components, such 
that the “X” formed by the wire was perpendicular to the 
wall. Due to the width of the X-NSTAP body, the closest 
the sensing element of the probe could be positioned in this 
configuration relative to the wall was approximately 1.5mm . 

The frequency response of the X-NSTAP wires was always 
found to exceed 150 kHz in still air from a square wave 
test. Data for each wire of the probe were sampled simul-
taneously at 300 kHz (National Instruments PCI-6123) and 
filtered at 150 kHz using an analog 8-pole Butterworth filter 
(Krohn-Hite Corporation), both of which exceeded the maxi-
mum flow frequencies encountered in this study.

4.3 � Experimental parameters and calibration

The X-NSTAP was evaluated at friction Reynolds numbers, 
Re� = 1800–24,000 . A summary of the different test condi-
tions can be found in Table 1. For all conditions considered 
in this study, the wire length, l, was less than 23 viscous 
length scales, or equivalently l+ ≡ lu𝜏𝜈

−1 < 23 , where the 

(a) Top-down view (b) Side view

(c) Head-on view (d) Side view

Fig. 6   Scanning electron microscope images of the crossed Nano 
Scale Thermal Anemometry Probe (X-NSTAP). a Top-down view 
of the X-NSTAP showing the two slanted NSTAP probes sand-
wiched with a Kapton spacer to separate the wires. b Side view of the 

X-NSTAP probe showing the arrangement of the sensing elements. 
c Head-on view of the X-NSTAP showing the sensing elements and 
the gap between the probes. d Close-up view of the crossed sensing 
elements
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+ superscript is used in the conventional manner to denote 
normalization with inner parameters (i.e., u� and �).

To calibrate the probe to the streamwise velocity, the Pitot 
tube and X-NSTAP probes were positioned symmetrically 
about the pipe centerline and calibration curves were popu-
lated using at least 18 different velocities spanning the range 
of expected velocities in each experiment. Calibration cycles 
were conducted before and after the experiments, and the 
resulting data were fit with a fourth-order polynomial. The 
directional sensitivity (i.e., cooling angles) of the individual 
X-NSTAP sensing wires was determined in situ using the 
“stress-calibration” method developed by Zhao et al. (2004). 
This method uses measurements of the streamwise pressure-
gradient with the theoretical linearity of the total stress in 
fully developed pipe flow to determine the effective cool-
ing angles of cross-wire probes. Calibration of the cooling 
angles for both probes occurs during the course of the meas-
urement and statistics acquired over the pipe radius are fit to 
the theoretical stress curve.

Total stress distributions measured by the X-NSTAPs for 
the different test conditions can be seen in Fig. 7. The higher 
Reynolds number results ( Re𝜏 > 10,000 ) demonstrate rea-
sonable agreement between the theoretical stress distribu-
tion and X-NSTAP stress measurements. However, there is 
a more noticeable discrepancy between the measured and 
expected stress distributions in the low Reynolds number 
measurements (e.g., Re� = 1850 ), particularly in the near-
wall region. These deviations most likely correspond to ther-
mal interactions between the different sensing wires associ-
ated with the low Péclet number effects stemming from the 
close wire proximities. The Péclet number set by the wire 
separation, d, characteristic velocity, U, and fluid the ther-
mal diffusivity, �t , is given by Ped = Ud ⋅ �−1

t
 ; for the low-

est Reynolds number measurements ( Re� = 1850 ), Ped ≈ 17 
near the wall and reaches Ped ≈ 30 near the pipe centerline. 
However, Österlund and Johansson (1995) found that one 
should ensure Ped > 50 to eliminate thermal interactions 
between the wires, with significant correlations between the 
wires occurring for Ped < 10 . Due to the nature of the signal 
decomposition associated with the effective cooling angle 
assumptions and “stress-calibration” method, thermal inter-
actions between the wires will negligibly affect the stream-
wise velocity measurements but can influence measurements 

of the wall-normal velocity component (see Appendix A for 
the details of the “stress-calibration” method). To determine 
which measurements were likely susceptible to these low Ped 
effects, each combination of radial locations and test con-
ditions was evaluated against the Ped < 50 criteria recom-
mended by Österlund and Johansson (1995). Based on this 
criteria, thermal interactions between the probes were found 
to be relevant only in the lowest Reynolds number case con-
sidered here ( Re� = 1850 for all radial locations, r) and the 
region close to the wall ( r > 0.8R ) for the Re� = 3400 case. 
All other data sets were found to have Ped > 50 at all meas-
urement locations and are unlikely to suffer from low Ped 
effects. In particular, this notion is evident in the highest 
Reynolds number cases ( Re𝜏 > 10,000 ), which exhibit a 
higher degree of linearity in the total stress throughout the 
pipe radius compared to the low Re� cases, see Fig. 7. For 
clarity, measurements involving wall-normal velocity that do 
not satisfy the Ped criterion have been rendered with smaller, 
faded markers and are only present in the lowest Re� cases.

To further ensure that these low Ped effects were avoided, 
the data considered here are fit to data in the central region 
of the pipe flow (where classical “outer” scaling dominates) 
corresponding to r < 0.6R where the stress curve is linear 
and found to be relatively insensitive to choices of a cutoff 
for smaller choices of r as a cutoff. In this experiment, this 
criteria correspond to 11 points being used for the nonlinear 
regression and a coefficient of determination greater than 
0.998 was found in all cases. For all the Reynolds numbers 
considered here, the viscous contribution to the total stress 
in this region was found to be insignificant.

5 � Results

To quantify the probe performance, the time-averaged sta-
tistics (denoted by an overline) are compared with results 
from the existing literature, in particular, the mean and vari-
ances of the radial ( ur ) and axial ( uz ) velocity field. A sum-
mary of the selected data sets can be found in Table 2 with 
the most notable results coming from recent measurements 
in the Princeton Superpipe (Hultmark et al. 2012; Zhao 
and Smits 2007) and Center for International Cooperation 
in Long Pipe Experiments (CICLoPE) (Örlü et al. 2017; 

Table 1   Experimental parameters for X-NSTAP measurements of turbulent pipe flow at high Reynolds numbers

Reτ Pabs Ub νu−1
τ uτ l/ηmin luτ/ν−1 Line

(bar) (m·s−1) (µm) (m·s−1)

1850 1.01 8.6 35.0 0.43 0.66 1.7
3400 1.01 17.2 19.0 0.80 1.1 3.2
12400 13.2 5.4 5.25 0.22 3 11.4
20000 13.2 9.0 3.25 0.35 4.4 18.4
24700 13.2 11.4 2.63 0.44 5.2 22.8

P
abs

 is the absolute pressure in the facility
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Willert et al. 2017). The current study is most similar to that 
of Örlü et al. (2017) with respect to instrumentation, spatial 
resolution, and Reynolds number range. However, the admit-
ted uncertainty in friction velocity measured in CICLoPE by 
Örlü et al. (2017) limits the conclusive comparison between 
their cross-wire measurements and those from this study, 
warranting further investigation. Figure 8 shows excellent 
agreement between the mean velocity profiles ( u+

z
 ) measured 

with X-NSTAP in the Superpipe with measurements taken 
with conventional, single-component NSTAP measurements 
taken by Hultmark et al. (2012). Good agreement can also be 
found with available particle image velocimetry (PIV) pro-
files from CICLoPE taken by Willert et al. (2017), though 
not with the cross-wire measurements of Örlü et al. (2017).

The agreement between the radial profiles of the axial 
velocity variances ( u′2

z
 ) can be seen in Fig.  9, where ′ 

denotes the fluctuating component of the signal about the 
mean value, uz . When expressed in inner units, see Fig. 9a, 
some small deviations between the different data sets can 
be seen. At the lower Reynolds numbers, the X-NSTAP and 
NSTAP measurements demonstrate excellent agreement; 
though at the higher Reynolds numbers, the X-NSTAP meas-
urements are a few percent larger than the NSTAP measure-
ments in the logarithmic region with similar agreement to 
the cross-wire measurements of Örlü et al. (2017). However, 
when the radial profiles are normalized by the pipe radius, 
see Fig. 9b, there is a good agreement between all of the 
data sets. Due to the nature of the calibration associated with 
the effective cooling angle, low Ped effects likely present in 

Table 2   Reference studies and measurements of turbulent pipe flow 
at high Reynolds numbers

Reference Reτ l+ Line

P
ri

nc
et

on
Su

p
er

pi
p
e

Hultmark et al. (2012)

1.8 × 103 1.8
3.3 × 103 3.1
5.4 × 103 5.0
10.5 × 103 9.7

NSTAP - u′
z 20.2 × 103 18.8

37.5 × 103 17.4
68.3 × 103 31.7
98.1 × 103 45.5

Zhao and Smits (2007)

2.7 × 103 20.8
3.3 × 103 25.5
5 × 103 38.7
10 × 103 77

Cross-wire - u′
z , u

′
r 20 × 103 154

75 × 103 580
100 × 103 773

C
IC

L
oP

E

6.6 × 103 10.2
¨ 41)7102(.lateülrO .6 × 103 22.8

22.8 × 103 35.5
Cross-wire - u′

z , u
′
r 31.2 × 103 48.6

38.1 × 103 59.2

Willert et al. (2017)
20 × 103

32.2(z)
3.0(r)

PIV - u′
z , u

′
r 13.6(θ)

D
N

S Ahn et al. (2013)
180 -
544 -
934 -

Ahn et al. (2015) 3008 -

0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Fig. 7   Total stress distribution determined by the “stress-calibration” 
method of Zhao et  al. (2004). ( u�

z
u�
r

+
−

du+
z

dr+
 ) profiles. Smaller, faded 

square symbols denote measurements for Re� = 1850 and Re� = 3400 
cases where Pe

d
< 50 , indicating likely thermal interactions between 

the individual wires based on the criteria of Österlund and Johansson 
(1995)

100 102 104
0
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10

15

20

25

30

35

Fig. 8   Mean velocity profiles. (Purple filled square box): X-NSTAP 
measurements. (Purple solid lines): NSTAP measurements of Hult-
mark et al. (2011)
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the low Re� cases do not affect the mean or variance of the 
streamwise velocity.

The radial profiles of the radial velocity variances ( u′2
r

 ) 
can be seen in Fig. 10. When expressed in inner units, see 
Fig. 10a, it is clear that the X-NSTAP measurements at low 
Reynolds number exhibit a different profile shape compared 
to the DNS curves, especially closer to the wall. Where the 
DNS finds maxima in the wall-normal variance profile 
around (R − r)+ ≈ 102 , the X-NSTAPs predict maxima fur-
ther our near (R − r)+ ≈ 103 . This behavior is likely an arti-
fact of the thermal interaction between the different wires. 
When the wires are able to heat each other, the different wire 
signals will become correlated. Because of the nature of 
the angular calibration, the thermal interaction between the 
wires will manifest itself by decreasing the apparent meas-
urement of ur . The high Reynolds number results are incred-
ibly encouraging demonstrating excellent agreement with 
the PIV results at Re� = 20,000 (Willert et al. 2017). This 
agreement is most evident in Fig. 10b where one can see 
how u′2

r
 measurements from the X-NSTAP meetup almost 

exactly with the PIV results. There is also surprising agree-
ment between the higher Reynolds number measurements 
( Re𝜏 > 10,000 ) and the earlier cross-wire measurements of 
Zhao and Smits (2007), who utilized a 500 μm cross-wire 
in the Princeton Superpipe. For Re𝜏 > 10,000 , the maxi-
mum of the X-NSTAP radial variance measurements occurs 
around r = 0.1R and is approximately constant for r < 0.1R 
at u�2+

r
≈ 1.3–1.4. Interestingly, where the larger cross-wire 

results exhibit a noticeable increase in the wall-normal 

variance as the probe approaches the pipe wall (Örlü et al. 
2017; Zhao and Smits 2007), the X-NSTAP instead meas-
ures a very slight decrease in the variance towards the wall, 
similar to the measurements of Baidya et al. (2017) who 
used a conventional cross-wire in a high Reynolds number 
boundary layer.

6 � Conclusions

A new nano-scale crossed hot-wire (X-NSTAP) has been 
designed, fabricated, and validated. The pitch angle sensitiv-
ity of the /-NSTAP design proposed by Fan et al. (2015) was 
examined with dye visualization and found to be an artifact 
of the asymmetric silicon supports. With the help of the 
dye visualization setup, a new probe design with slimmer 
silicon supports was created with significantly less effect on 
the flow when pitched. To ensure the structural robustness 
without increasing the form factor of the slimmer design, a 
1.4 μm-thick layer of amorphous tungsten was layered onto 
the tip of the support structure. The pitch-angle sensitivity 
of the new probe design was then evaluated in a wind tunnel 
and found to be on par with that of the conventional NSTAP 
design, having less than 2% deviation for |�| ≤ 15◦ . Two of 
the new /-NSTAP probes were then combined with a 50 μm 
spacer and technique proposed by Fan et al. (2015) to create 
a newly redesigned X-NSTAP probe with a 42 × 42 × 50 μm 
measurement volume.

100 102 104
0
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6
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10

(a) Normalized with inner units

10-4 10-3 10-2 10-1 100
0
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(b) Normalized with outer units

Fig. 9   Axial velocity variance ( u�2
z

+
 ) as a function of [R − r]+ (a) and 

[R − r]∕R (b). (Purple square box): X-NSTAP measurements. (Purple 
solid lines): NSTAP measurements of Hultmark et al. (2011). (Purple 
dashed lines): PIV measurements of Willert et al. (2017). (Purple cir-
cle): cross-wire measurements of Örlü et al. (2017)
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The probe was deployed in the Princeton Superpipe 
to acquire radial and axial velocity measurements up to 
Re� = 24,000 . Axial velocity measurements (mean and 
variance) taken with the X-NSTAP demonstrate good agree-
ment with the single-component NSTAP measurements of 
Hultmark et al. (2012). Due to the close proximity of the 
two sensing wires, radial measurements near the wall at low 
Reynolds numbers suffer from low Péclet number effects 
where the two wires can thermally interact. Consequently, 
the low Reynolds number results from the X-NSTAP 

measurements exhibit a different profile shape and overall 
lower magnitude near the wall compared with DNS results. 
This behavior is consistent with the findings of Österlund 
and Johansson (1995), but further work is needed to charac-
terize these thermal interactions.

Measurements of the radial velocity variance at higher 
Reynolds numbers ( Re� = 20,000 ) demonstrate excellent 
agreement with the PIV results from CICLoPE of Willert 
et al. (2017) and are found to plateau around u�2+

r
≈ 1.3 at 

r < 0.1R , see Fig.  10. This value, however, is lower than the 

100 101 102 103 104 105
0

0.5

1

1.5

2

2.5

(a) Normalized with inner units

10-4 10-3 10-2 10-1 100
0

0.5

1

1.5

2

2.5

(b) Normalized with outer units

Fig. 10   Wall-normal velocity variance (u�2+
r

) as a function of (R − r)+ 
(upper plot) and (R − r)∕R (bottom plot). (Purple square box): 
X-NSTAP measurements. (Purple dashed lines): PIV measurements 
of Willert et  al. (2017). (Purple open circle): cross-wire measure-
ments of Örlü et  al. (2017). (Purple filled circle): cross-wire meas-

urements of Zhao and Smits (2007). (Lines in skyblue): DNS results 
of Ahn et  al. (2015) and Ahn et  al. (2013). Smaller, faded square 
symbols denote measurements for Re� = 1850 and Re� = 3400 cases 
where Pe

d
< 50 , indicating likely thermal interactions between the 

individual wires based on the criteria of Österlund and Johansson 
(1995)
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comparable measurements from Örlü et al. (2017) acquired 
with a conventional cross-wire probe in CICLoPE which 
plateaus at u�2+

r
≈ 1.8 . In contrast to both of those results, 

there is a small but observable increase in the peak magni-
tude of u�2+

r
 from u�2+

r
≈ 1.32 in the Re� = 20,000 case to 

u
�2+
r

≈ 1.4Re� = 24, 700 case. While the current results are 
promising, more results, particularly at higher Reynolds num-
bers, are needed to explore the theoretical predictions of Perry 
et al. (1986) and Townsend (1976). Despite the improvements 
to the aerodynamic design of the /-NSTAP probe, structural 
robustness remains one of, if not the primary, limitation to 
the successful application of these probes. Further work is 
necessary to improve the yield of structurally robust probes, 
particularly for measurements in compressed air facilities such 
as the Princeton Superpipe where the aerodynamic forces are 
significantly augmented by the increased fluid density.
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Appendix A: “Stress‑Calibration” method 
of Zhao et al. (2004)

In this study, the “stress-calibration” method of Zhao et al. 
(2004) was to calibrate the angle sensitivity of the two 
X-NSTAP wires, the major details of which are reproduced 
below. For a hot-wire inclined with respect to the incoming 
flow, the “effective” cooling velocity, ue , as determined from 
the hot-wire output voltage is assumed to be geometrically 
related to the instantaneous velocity components by an effec-
tive cooling angle, � , by the cosine law of cooling (see Brad-
shaw 1971).

In a fully developed pipe flow where ur = 0 , the instanta-
neous velocities in the coordinate system of the pipe can be 
geometrically related to the effective cooling velocity by

where subscripts 1 and 2 denote the cooling velocities and 
angles for the two different wires in the probe, overlines 
denote the time-averaged quantity, and ′ denotes the fluctuat-
ing component about the mean value. If one assumes that the 
local turbulence is spatio-temporally resolved by each wire 
and the cooling angles are independent of Reynolds number, 
then Eqs. (1) and (2) can be expressed as

(1)ue1 = uz cos�1 + u�
z
cos�1 + u�

r
sin�1,

(2)ue2 = uz cos�2 + u�
z
cos�2 − u�

r
sin�2,

where f and g functions that relate the anemometer output 
voltage, E, for the different wires to the effective cooling 
velocity. Since � is assumed to be a constant for each wire, 
the calibration functions can be represented as fourth-order 
polynomials (Bruun (1995)) given by

where the explicit dependence of f and g on �1 and �2 into 
absorbed into the calibration constants, ai and bi . Time aver-
aging Eqs. (5) and (6) yields

which relates the mean anemometer output to the mean 
streamwise velocity. Using Eqs. (7) and (8), the calibration 
coefficients can be determined by varying the mean veloc-
ity, Uz , and anemometer output, E. Here, calibration was by 
placing the hot-wire probe and a Pitot tube symmetrically 
about the pipe centerline where the mean velocity gradient 
is negligible and turbulence intensity is low and varying the 
tunnel speed.

While the streamwise sensitivity of the individual wires 
has been established, one still needs to determine the cooling 
angles, �1 and �2 , to fully relate the anemometer outputs to 
the instantaneous velocity components. Here, we will use the 
known distribution of the total stress, �T , in fully-developed, 
incompressible, turbulent pipe flow to determine, �1 and �2 . 
For a smooth pipe, the total stress distribution is given by

where dP∕dz is the streamwise pressure-gradient. Consid-
ering the fluctuation components of Eqs. (3) and (4) gives

(3)ue1 cos
−1 �1 = uz + u�

z
+ u�

r
tan�1 = f (E1,�1),

(4)ue2 cos
−1 �2 = uz + u�

z
− u�

r
tan�2 = g(E2,�2),

(5)f (E1) =

4∑

i=0

aiE
i
1
,

(6)g(E2) =

4∑

i=0

biE
i
2
,

(7)f = uz =

4∑

i=0

aiE
i
1
,

(8)g = uz =

4∑

i=0

biE
i
2
,

(9)
�T

�
= u2

�
= uzur − �

dUz

dr
= −

1

2�

dP

dz
(r),

u�
z
+ u�

r
tan�1 = f − f = f �,

u�
z
− u�

r
tan�2 = g − g = g�,
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which can be expressed as

where

Multiplying both Eqs. (10) and (11) by (11) and averaging 
gives

Through simple rearranging, Eq. (10) can be substituted into 
Eq. (11) giving

To determine � and � , one simply gathers and computes the 
fluctuating statistics corresponding to f ′2 , g′2 , and f �2 − g�2 
at different radial locations in the pipe where the viscous 
stress contribution is negligible. Conveniently this can be 
accomplished during the course of a typical experimental 
measurement, making angular calibration and data acqui-
sition one and the same. Since the Reynolds shear stress 
component can be determined from the pressure-gradient 
and radial location in this region, the only unknowns left in 
Eq. (16) are � and � . Substituting the measurements from 
the different radial locations into Eq. (16) and conducting a 
nonlinear curve fit allows us to determine the error minimiz-
ing values for � and � and by extension, �1 and �2 . Once the 
cooling angles are known, the fluctuating velocity compo-
nents, u′

z
 and u′

r
 , can be related to the f ′ and g′ through

If the wires suffer from low Péclet number effects, the 
individual wire signals will be correlated to each other as 
one wire heats the other, and vice versa. Compared to the 
radial velocity measurements, the thermal correlation is 

(10)u�
z
+ �u�

r
=

1

2
(f � + g�),

(11)�u�
r
=

1

2
(f � − g�),

(12)� =
1

2
(tan�1 − tan�2),

(13)� =
1

2
(tan�1 + tan�2).

(14)�u�
z
u�
r
+ ��u�2

r
=

1

4
(f �2 − g�2),

(15)�2u�2
r
=

1

4
(f � − g�)2.

(16)�2u�
z
u�
r
=

�

4
(f �2 − g�2) −

�

4
(f �2 − g�2).

(17)u�
z
=

f � + g�

2
−

�(f � − g�)

2�
,

(18)u�
r
=

(f � − g�)

2�
.

not expected to significantly influence the axial velocity 
measurements. Since the probe is calibrated using vary-
ing streamwise velocities, the thermal correlation between 
the wires is explicitly accounted for in the mean velocity 
measurements. From Eq. (18), one can see that the radial 
measurements will be strongly impacted by the thermal cor-
relation between the wires as the difference between the wire 
signals will be materially diminished. However, Eq. (17) 
shows that the fluctuating component of the axial velocity 
is computed using both the sum and difference between the 
two fluctuating wire signals, f ′ and g′ , the former of which 
is larger in magnitude and proportionally less affected by 
this consideration.
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