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Abstract

High Reynolds number flows display a wide range of scales,
and, depending on the flow, the small scales can be of submi-
cron size. Such small motions can also give rise, at a fixed point,
to high frequency signals. To measure turbulence with good fi-
delity, therefore, we need instrumentation with very good spa-
tial and temporal resolution. Here, we describe a suite of
nanoscale sensors capable of measuring velocity and temper-
ature with spatial and temporal resolutions that are at least one
order of magnitude higher than that experienced using typical
hot wire probes. These probes have led to new insights into high
Reynolds number flows, and a number of examples of such in-
sights will be given, including pipe flows, boundary layers, and
isotropic turbulence.

Introduction

Hot-wire anemometry has many limitations (point measure-
ments, typically limited to one or two components), but is still
the preferred tool for making fundamental measurements of tur-
bulence, primarily because it provides a record of the velocity
fluctuations in time, and therefore it can be used to examine
the frequency content of turbulence, as well as providing infor-
mation on structure functions and other kinds of correlations.
Necessary conditions, therefore, are that the probe has sufficient
spatial resolution to resolve the smallest motions, and sufficient
temporal resolution to resolve the highest frequency content in
the signal. Both issues are to a large extent determined by the
size of the probe: a smaller probe will have better spatial res-
olution, and because it will have a smaller thermal mass it will
have an improved frequency response. It is not sufficient, how-
ever, to simply make the sensor shorter because end-conduction
effects depend to first order on the length-to-diameter of the
sensor, so that as the sensor length is decreased to improve its
spatial and temporal response, its diameter generally needs to
be reduced proportionally so that end-conduction effects do not
compromise the accuracy.

Here, we describe a new type of velocity sensor that operates on
similar principles to that of a hot wire, but by using integrated
circuit and micro-electromechanical systems (MEMS) fabrica-
tion techniques we are able to reduce the size of the sensor by at
least an order of magnitude, with negligible end-conduction ef-
fects. The sensor finds a wide range of applications in the study
of high Reynolds number turbulence, but because of its high-
level performance compared to conventional hot wire probes it
may replace hot wires even in conventional studies of turbu-
lent flow where high accuracy is required. Although the cur-
rent sensors are limited to measuring a single component of the
fluctuation field, a two-component probe has been constructed
and is under test. In addition, the sensor technology is quite
flexible, and new sensors have been developed for the measure-
ment of temperature fluctuations. A further extension for high
frequency humidity measurements at small scales is also under
development.

In what follows, we begin by giving a brief review of hot-wire
basics, focusing on its spatial and temporal response, and the
effects of end-conduction. We will then describe the design
and manufacture of the new sensor, called a NanoScale Ther-
mal Anemometry Probe (NSTAP), and provide a summary of its
performance. We will proceed to give a number of examples of
its utility in measuring high Reynolds number turbulent flows,
including studies in pipe flows, boundary layers, and isotropic
turbulence. We will close by reporting on some of the exten-
sions of the NSTAP approach to measurements of more than
one component of the velocity, temperature, and humidity.

Hot-Wire Anemometry

A hot-wire anemometer system consists of a sensor, a support
system, and a feedback and amplifier circuit (see figure 1). The
sensor conventionally consists of a wire filament with a circular
cross-section, typically made of platinum, platinum-rhodium,
or tungsten. The length of the wire is typically between `= 0.5
to 1 mm, and a diameter d = 2.5 to 5 µm, so that the aspect
ratio `/d ≈ 200. The wire is usually supported by stubs that
are connected by soldering to the prongs that are part of the
probe body, as shown in figure 2. It is also common, especially
for tungsten wires, to connect the wire directly to the prongs
by welding, so that there are no stubs. We will only consider
probes of the design shown in figure 2.

The wire is heated by passing a current through it, commonly
operating at a temperature of about 300 to 400◦ C. In the
most usual form of electronic circuit, the constant tempera-
ture anemometer (CTA) version, the probe forms one arm of
a Wheatstone bridge, where the bridge imbalance is fed back to
the top of the bridge in an effort to keep the bridge closely bal-
anced (see figure 1). Effectively, this feedback keeps the wire at
a constant resistance (and temperature), so that when the flow
velocity fluctuates a small amount, the output voltage is pro-
portional to the fluctuations in current required to keep the wire
temperature constant. For a thorough review, see [6].

The spatial resolution of the probe is set by the wire length, and
to resolve the smallest motions we need `= O(η), where η the
Kolmogorov length scale. For wall-bounded flows, this crite-

Figure 1: Schematic of constant temperature anemometer cir-
cuit and hot wire probe.



Figure 2: Single wire hot wire probe, showing the wire sensor
supported by stubs that are connected to prongs and then the
probe body. Flow is from left to right. Adapted from [1].

rion is often written in terms of the viscous length scale ν/uτ

since this parameter is easier to measure and it is proportional
to η in the near-wall region where the effects of spatial filter-
ing are most severe. Here, ν is the fluid kinematic viscosity,
uτ = τw/ρ is the friction velocity, τw is the wall stress, and ρ

is the fluid density. Ligrani and Bradshaw [15] suggested that
`uτ/ν = `+ ≤ 20 is required for accurate measurements of the
variance of the velocity fluctuations, but the scale of the turbu-
lent motions varies with distance from the wall, and a single
criterion like this is clearly insufficient to describe the probe re-
sponse at different wall distances. In addition, with `+ = 20 it
is doubtful that accurate measurements in the dissipation region
can be achieved. See also [12].

The system frequency response depends on the characteristics
of the probe and the electronic circuit, and although it can be
quite complex (see, for example [21, 28]) it can often be ap-
proximated as a second-order system with a natural frequency
fn and a damping ratio ξ. The values of fn and a damping ra-
tio ξ can estimated by, for example, a standard square wave
test. It should noted that both parameters are equally important
in describing the frequency interval over which the response is
flat. For example, with ξ = 0.7, for a second-order system at
f/ fn = 0.5 the gain G = 0.97, and for f/ fn = 1, G = 0.71, so
that the amplitude of the signal is in error by more than 3%
for frequencies greater than half the natural frequency. With
ξ = 0.3, G = 1.03 at f/ fn = 0.2, illustrating the importance of
using both ξ and fn in understanding the frequency response
characteristics. See also [11].

What the second-order model neglects is the influence of end
conduction, which can produce a step in the frequency response
at low frequencies. Ligrani and Bradshaw [15] proposed that
when `/d ≥ 200, these effects can be neglected, although Hult-
mark et al. [8] proposed an improved criterion that allows for
material property variations, resistance ratio and Reynolds num-
ber effects. It is clear, however, that simultaneously satisfying
the two criteria `+ ≤ 20 and `/d ≥ 200 requires shorter and
thinner wires. In practice, it is difficult to make probes with
wires of very small diameter, and although it is possible to make
wires with d = 1µm they are fragile and often finicky to use.
The practical limit on the diameter is probably 2.5µm, which
then leads to a minimum wire length of 0.5 mm. Considering
that in many experiments the viscous length scale can be much
smaller than this length, even down to microns in size, it is clear
that for such experiments an improved sensor needs to be devel-
oped.

NanoScale Thermal Anemometry Probes

To build probes with very small sensors that still satisfy the end-
conduction restrictions, micro-machining techniques need to be
used. In the past (see the literature review by [27]), a number

Figure 3: Scanning electron microscope image of a 30 µm
NSTAP, with a close-up of the sensor. Image provided by M.
Vallikivi.

of such probes were proposed, but most were surface mounted
and none were validated against known flow fields. The first
effort to use MEMS techniques to develop a free-standing sen-
sor that could be traversed through a flow field was reported in
2006 by Kunkel et al. [14], but it was not until 2010 that Bai-
ley et al. [3] produced a probe where the level of calibration
and validation was sufficient to allow accurate measurements of
turbulence. Subsequently, Vallikivi et al. [24] made significant
improvements to the probe design, particularly in streamlining
the probe body shape and radically improving the manufactur-
ing yield and reliability. An image of a typical probe of the cur-
rent design is given in figure 3. The NSTAP is constructed so
that it can be soldered to the prongs of a conventional hot-wire
probe, and then be connected to standard hot-wire anemometer
electronics. They have been successfully used with the Dantec
Streamline CTA system with a 1:1 bridge, keeping the filament
at a temperature of about 450◦ C.

In all cases, the cross sections of the NSTAP sensors are rect-
angular rather than circular in shape, with a length `, a width in
the streamwise direction w, and a thickness t. The dimensions
of the NSTAP can vary, but there are two main types. The first
type has `= 60µm, w = 2µm and t = 0.1µm, and the second has
` = 30µm, w = 1.5µm and t = 0.08µm. Note that the length is
10 to 20 times smaller than a typical 0.5mm hot wire, implying
a similar improvement in spatial resolution. Also, the thermal
capacity of the sensor is related to its volume, so for the same
material the 60µm NSTAP will have a thermal capacity that is
more 1000 times smaller than a 0.5mm, 2.5µm hot wire (for the
60µm NSTAP, this factor is more than 3400), which suggests
that a significant improvement in frequency response is possible
by using the NSTAP. The NSTAP material is usually platinum,
although we have also used gold-plated platinum sensors.

The current state of the art is summarized by Vallikivi et al.
[27], who indicate that the voltage output for the NSTAP is
smaller than that of a typical hot wire because of the smaller
size of the sensor, but both sensors follow a very similar cal-
ibration curve well described by a fourth-order polynomial fit.



In addition, the agreement between the pre- and post-calibration
curves is generally excellent for both types of sensor, indicating
almost negligible changes in the cold resistance of the sensor.
They are also remarkably robust, in that they have been used
field operations where they were mounted to booms protruding
from an ultra-light airplane, surviving the take-off, the flight,
and the landing.

With respect to the end conduction effects, Hultmark et al.
[8] proposed a new parameter, Γ = (`/d)

√
4a(k f /k)Nu, to

describe the significance of end-conduction more comprehen-
sively than the commonly used length-to-diameter ratio `/d, in
that it allows for material property variations (the thermal con-
ductivity of the sensor material with respect to the fluid, k/k f ),
resistance ratio (a), and Reynolds number effects (through the
Nusselt number, Nu). Numerical and experimental data were
used to show that Γ improves the correlation of the attenuation
of measured turbulence fluctuations. The Γ parameter can be
used for circular wires and NSTAPs, and the sensors can now
be designed to be free of end conduction effects, even if they
do not satisfy the conventional `/d ≥ 200 criterion. This re-
sult is especially useful at high Reynolds numbers where probes
can be designed to be free of end-conduction effects even with
`/d = 100 (see, for example, [10]).

NSTAP Measurements in High Reynolds Number Flows

In recent years, there has been a burgeoning interest in the be-
havior of wall-bounded turbulent flows at high Reynolds num-
ber. This interest has been driven by some fundamental scal-
ing questions regarding the mean flow profile (especially the
validity of logarithmic versus power laws), the turbulence be-
havior in the near-wall region (especially the behavior of the
peak in the stream wise turbulence intensity), the turbulence in
the logarithmic region (where a logarithmic variation was ex-
pected at sufficiently high Reynolds number), and the evolu-
tion of the spectrum with Reynolds number, among other sim-
ilar questions. The research was enabled by the development
of new laboratory facilities specifically designed to examine
high Reynolds number flows. Among these facilities were the
Princeton Superpipe [29], the Minimum Turbulence Level wind
tunnel at KTH [18], the National Diagnostic Facility at the Illi-
nois Institute of Technology [7], the High Reynolds Number
Boundary Layer Wind Tunnel at Melbourne University [17],
and the High Reynolds number Test Facility (HRTF) at Prince-
ton [13]. In addition, Bodenschatz constructed the Göttingen
Turbulence Facility designed to examine isotropic turbulence at
very high Reynolds numbers using SF6 as the working fluid,
and a large pipe flow facility (CICLoPE) is under construction
at the University of Bologna.

NSTAP Spatial Resolution

One of the major obstacles to obtaining high quality turbulence
measurements in laboratory-sized facilities, however, is the spa-
tial resolution of the probes. For example, in the pressurized
Göttingen tunnel the Kolmogorov length scale at Reλ = 1620
is about 19µm, where Reλ is the Reynolds number based on
the Taylor micro scale and the rms of the velocity fluctua-
tion. In the atmospheric pressure wind tunnel at the Univer-
sity of Melbourne, the viscous length scale at Reτ = 19,000 is
approximately 16µm. Even short hot wires will therefore en-
counter difficulties in measuring turbulence accurately: at these
high Reynolds numbers to maintain either `+ < 20, or similarly
`/η < 10, would require wires with ` < 0.2mm (in Göttingen)
or ` < 0.32mm (in Melbourne). In addition, it would seem that
the dissipation spectrum could not be resolved unless ` ≤ η,
which sets an even higher bar.

Figure 4: Pre-multiplied wavenumber spectra taken in isotropic
grid turbulence at Reλ = 730 in the Göttingen Turbulence Fa-
cility using SF6 as the working fluid. Solid line: NSTAP
` = 60µm. Dashed line: hot wire ` = 0.45mm. Figure from
[4].

To illustrate the effects of spatial filtering, figure 4 shows spec-
tra of the streamwise turbulence obtained in the Göttingen
Turbulence Facility (k1L is the non-dimensional streamwise
wavenumber given by k1 = 2π f/U derived using Taylor’s hy-
pothesis, and L is the integral length scale). Somewhat surpris-
ingly, the differences between the hot wire and NSTAP data
start near k1L > 2, and we see that spatial averaging can affect
the spectral results at wavenumbers that are significantly lower
than k1` = 1 (at this Reynolds number and for this hot wire,
L/` ≈ 280). These effects appear to be typical of spatial fil-
tering, as noted by [5]. In addition, although it is not evident
in figure 4, any deductions regarding the slope of the inertial
range, or the behavior of the dissipation region (that is, in re-
gions where k1`= O(1)), will be particularly affected by spatial
filtering.

The most extreme requirements on spatial resolution are en-
countered in the Superpipe and HRTF facilities at Princeton.
Both facilities use air at pressures up to 200 bar as the working
fluid to attain very high Reynolds numbers, but with the outer
length scales fixed the viscous length scales at large Reynolds
number decrease to very small values. For example, in the Su-
perpipe the viscous length scale at Reτ = 100,000 is only about
0.65µm, and in the HRTF at Reτ = 72,000 it is about 0.4µm.
Even when using NSTAPs, therefore, the effects of spatial filter-
ing cannot be avoided at the highest Reynolds numbers. There-
fore, Smits et al. [22] proposed a correction scheme for stream-
wise Reynolds stress data for wall-bounded flows acquired with
insufficient spatial resolution. The method is based on the at-
tached eddy hypothesis to account for spatial filtering effects
at all wall-normal positions. In figure 5, we show uncorrected
and corrected results obtained in the Superpipe using 60µm and
30µm NSTAPs. Spatial filtering is most apparent near the wall,
where the turbulent scales are small, and become almost negli-
gible for y+ > 100.

By having such small probes available, the Superpipe and HRTF
can generate many new results regarding the behavior of turbu-
lence in wall-bounded flow. For example, it had been proposed
by Townsend [23] and Perry and Abell [19] (see also [20]) that
in the region where the mean velocity profile shows a logarith-
mic variation with wall distance, the streamwise turbulence in-
tensities should also follow a log law. However, it was not until



Figure 5: Streamwise turbulence intensities normalized by the
friction velocity, in fully-developed pipe flow. Top: uncorrected
results using 30µm and 60µm NSTAPs. Bottom: results cor-
rected according to [22]. Figure adapted from [10].

the measurements by Hultmark et al. [9] that this logarithmic
scaling of the fluctuations was demonstrated experimentally in
pipe flow (see figure 6), principally because it becomes evident
only for y/R < 0.12 once Reτ > 20× 103, with an increasing
spatial extent with the Reynolds number, and the Superpipe
is one of the rare facilities able to reach this Reynolds num-
ber regime. Hultmark et al. [10] extended this observation to
rough-wall pipes , Marusic et al. [16] and Vallikivi et al. [26]
demonstrated that a similar scaling was found in boundary layer
flows (see figure 7).

NSTAP Frequency Response

The NSTAP also promises a high frequency response, and we
now consider how this aspect of NSTAPs can help to obtain
better turbulence measurements, even in what may appear to
be undemanding experimental conditions. Recall the descrip-
tion of the CTA as a damped, second-order system, and that
with non-optimum damping (ξ ≈ 1), the constant gain portion
of the response can be confined to frequencies much below the
natural frequency. In the example with ξ = 0.3, G = 1.03 at
f/ fn = 0.2, and so an interpretation of the square wave response
that neglects the influence of the damping coefficient can seri-
ously overstate the frequency response of the system. In this
example, if the square wave had indicated a natural frequency
of 20 KHz, but the gain would have exceeded 1.03 for frequen-
cies exceeding 4 KHz, possibly introducing serious errors in the
high-frequency parts of the signal.

This problem was taken up by Hutchins et al. [11], who used
a novel direct method for testing the frequency response of hot-
wire anemometers to velocity fluctuations. The unique capa-

Figure 6: Comparison of mean (hollow symbols) and stream-
wise Reynolds stress (solid symbols) profiles for smooth-wall
pipe flow at Reτ = 98×103. The solid lines represent log laws
and dashed lines indicate their region of validity. Figure ex-
cerpted from [10].

bilities of the Princeton Superpipe made it possible to explore
a variety of turbulent pipe flows at matched Reynolds num-
bers, but with turbulent energy in different frequency ranges.
By assuming Reynolds number similarity, any differences be-
tween the appropriately scaled energy spectra for these flows
should be indicative of measurement error. This method was
shown to provide a consistent and reliable estimate of the trans-
fer function arising from the temporal response of the anemom-
etry system. Hutchins et al. found that the frequency response
of under- or over-damped hot-wire anemometer systems can
only be considered approximately flat up to 5 to 7 kHz. How-
ever, smaller sensing elements help. The measurements indi-
cated that, when operated in an under-damped configuration,
the NSTAP probe has an improved frequency response as com-
pared to the same under-damped system with a standard probe
geometry. The results suggested that miniaturized sensors could
hold a great promise for improved turbulence measurements in
high-frequency flows.

Inclined and Crossed Sensor NSTAPs

The NSTAPs described thus far have all been oriented perpen-
dicular to the flow, so that they are only sensitive to the stream
wise component of velocity u = u+ u′. Here the overbar de-
notes a time average, and the prime denotes the fluctuating
component. In wall-bounded turbulent flows, the principal phe-
nomenon of interest is the wall-normal transport, and therefore
the wall-normal component, v′, and the Reynolds shear stress,
−u′v′, are the more important quantities. To measure the wall-
normal component, cross-wire anemometry probes are com-
monly used, but building a cross-wire probe using MEMS fabri-
cation techniques is extremely challenging. The first step in that
direction was taken by Vallikivi et al. [25] who manufactured
and tested NSTAP probes with a single inclined sensing element
to demonstrate that the NSTAP concept is suitable for multi-
component velocity measurements. The angle calibration fol-
lowed the cosine cooling law, commonly used in the calibration
of inclined hot wire sensors, but preliminary results in a pipe
flow for 75×103 ≤ ReD ≤ 106. The results on the shear stress
were encouraging, but the radial turbulence intensity showed



Figure 7: Comparison of mean (hollow symbols) and stream-
wise Reynolds stress (solid symbols) profiles for boundary layer
flow at Reτ = 70× 103. The solid lines represent log laws and
dashed lines indicate their region of validity. Figure excerpted
from [26].

considerable scatter. It was evident that great care needs to be
taken determining the angular response of the sensors.

More recently, Hultmark and Fan (private communication) have
developed a crossed-sensor version of the NSTAP (X-NSTAP),
as shown in figure 8, with a total sampling volume of about
(60µm)3. Testing in the pipe flow used by Vallikivi et al. will
commence soon.

T-NSTAP Temperature Measurements

The NSTAP was developed to improve the spatial and tempo-
ral resolution by which we can make measurements of veloc-
ity fluctuations. However, in many instances, other flow pa-
rameters are also of interest, such as temperature fluctuations.
Here, we can make use of the small thermal mass of a typ-
ical NSTAP. However, in assessing the temperature response
of hot wire and NSTAPs, it is crucial to consider the full end-
conduction problem. Arwatz et al. [1] developed a lump param-
eter model for the dynamical behavior of cold wires and their
supporting structure. They showed that conventional cold wires
have a much more limited frequency response than previously
believed, which can cause substantial inaccuracies in tempera-
ture data. The model accounts for the effects of end conduction
and wire response, and all the parameters in the model can be
found from the geometry of the sensor and the properties of the
materials used in its construction. Hence, the model can either
be used as a sensor design and optimization tool, in order to
design better sensors, or it can be used to correct the data ac-
quired with conventional cold wire sensors, with non-negligible
end-conduction effects, so that accurate measurements can be
obtained. An example showing the excellent agreement be-
tween experimental temperature fluctuation data and the model
is given in figure 9, and figures 10 and 11 show how the model
can be used to compensate almost precisely for an inadequate
frequency response.

Recently, Arwatz et al. [1] presented an NSTAP specifically de-
signed for the measurement of temperature (called T-NSTAP)
using the lumped parameter model. The T-NSTAP was 200µm
long, a width of 2µm, and a thickness of 0.1µm., and it was
operated in constant current mode. Besides the adjustment in
the wire dimensions, a major difference in designbetween the
T-NSTAP and the regular NSTAP is the use of two different
metals instead of a single one. According to the model, prongs

Figure 8: Two SEM views of a prototype X-NSTAP. Figure
provided by Yuyang Fan.

with higher thermal conductivity are more desirable. There-
fore, a two-layer design was adopted with a 100nm thick plat-
inum wire filament and a 200nm layer of gold for the prongs
due to the thermal conductivity, which is more than four times
that of platinum. In addition, the prongs were also made shorter
by 1mm to reduce the total thermal mass of the sensor as sug-
gested by the model. The new sensor was shown to have a
bandwidth far superior to that of conventional cold wires, which
minimizes the effect of temporal filtering on the data and allows
for a unique investigation of the full scalar spectrum, including
the dissipation range. Data was acquired in a heated grid tur-
bulence experiment with constant mean temperature gradient
using both the T-NSTAP and a conventional cold wire. Arwatz
et al. showed that the cold wire is significantly attenuated (up to
35%) over all ranges of frequencies including lower frequencies
with a direct effect on the temperature variance and the scalar
rate of dissipation (see figure 12).

The T-NSTAP has also proven to be remarkably robust. In pre-
liminary measurements of temperature fluctuations in the at-
mospheric surface layer, six T-NSTAPs were mounted on two
booms (three each) fixed to the airframe of an ultra-light air-
plane. The ultra-light took off, flew over Lake Geneva at a vari-
ety of altitudes (see figure 13, and then landed, without breaking
a single probe.

q-NSTAP Humidity Measurements

A recent development in the family of sensors based on the
NSTAP design is a fast-response humidity sensor. As the
NSTAP sensor decreases in size, its sensitivity to velocity de-
creases at low velocities. This phenomenon was first noted by
Bailey et al. [3] and was explained as a low Peclet number
effect; for local Peclet numbers less than unity the molecular



Figure 9: Bode plot extracted by different methods of data anal-
ysis, solid line represents an exponential fit of the combined
data covering the full frequency spectrum. Wire length 0.6mm,
diameter 2.5µm. Figure taken from [1].

Figure 10: Example of a corrected signal obtained by applying
the inverse Bode response to the measured signal. The input
temperature signal is shown by the dashed line. Same wire as
in figure 9. Figure taken from [1].

diffusion of heat to the fluid is dominating over the heat trans-
fer due to convection. Although this effect is generally unde-
sirable when measuring velocity fluctuations, it can be used to
develop a fast-response sensor for turbulent fluctuations of hu-
midity. The humidity level in the air influences the thermal con-
ductivity, and thus affects the diffusion of heat. By measuring
the heat transfer, similar to a hot-wire, with an even smaller
version of the NSTAP, exposed to low Peclet numbers (based
on the width of the sensing element), the humidity of the air can
be measured without the influence of velocity. Such sensors
are currently being developed, and promise humidity measure-
ments with unprecedented temporal and spatial resolution.

Conclusions

To measure turbulence with high fidelity at high Reynolds
numbers, it is necessary to have sensors with very good spa-
tial and temporal resolution. We have described a suite of
nanoscale sensors capable of measuring velocity and temper-
ature with spatial and temporal resolutions that are at least one
order of magnitude higher than that experienced using typical
hot wire probes. These probes have led to new insights into
high Reynolds number flows. These sensors are continuing to
evolve, and versions with crossed sensors to measure two com-
ponents of turbulence, are being tested. In addition, the NSTAP
concept seems well-suited for direct humidity measurement,
which are of great importance in understanding transport pro-
cesses in atmospheric flows.

Figure 11: Correction of the measured signal in figure 10 at each
frequency. The expected temperature is shown by the solid line,
and the roll-off frequency is shown by the dashed line. Figure
taken from [1].

Figure 12: One-dimensional temperature dissipation spectra
measured in isotropic flow with a linear temperature gradient,
for U = 9m/s and x/M = 160. Cold wire (CW) of length
0.45mm, diameter 1.27µm; T-NSTAP of length 200µm, width
2µm and thickness 0.1µm. Figure taken from [2].
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