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Abstract 
Upon its development and initial characterization, the supersonic variant of the nanoscale thermal anemometry probe 
(S-NSTAP) was deployed in a supersonic wind tunnel facility, where both freestream and boundary layer measurements 
were obtained at M∞ = 2 . The low operating stagnation pressures generated reliable data, where the effects of Reynolds 
number, Mach number and overheat ratio on the sensor’s heat transfer were investigated in detail. The performance of the 
S-NSTAP was also compared to that of a conventional cylindrical hot-wire and the S-NSTAP was shown to exhibit unpar-
alleled temporal resolution ( ∼ 300 kHz). The mass flux sensitivity coefficient of both hot-wires was further computed and 
appeared to vary between probes, yielding a coefficient twice as large for the conventional probe than for the S-NSTAP. The 
experimental data obtained from both hot-wires were also compared, via spectral analysis and turbulence statistics, to the 
results of a numerically modelled turbulent boundary layer.

Graphic abstract

-1

1 Introduction

Due to the short time scales ever so present in supersonic 
flows, hot-wires have traditionally been the prevailing 
method for obtaining highly resolved turbulence statistics. 
Standard hot-wires consist of a thin electrically conductive 
filament heated via Joule heating. Typical dimensions range 
between 0.5 and 5 μ m in diameter and between 0.5 and 2 mm 
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in length (Tropea et al. 2007; Comte-Bellot 1976). When 
placed in a flow of interest, the change in the hot-wire’s heat 
transfer can be correlated to a change in wire resistance if 
operated in a constant current anemometry (CCA) circuit, 
or a change in current if operated in constant voltage (CVA) 
or temperature (CTA) anemometry circuits (Tropea et al. 
2007).

In recent years, the advancement in semiconductor 
manufacturing techniques allowed for the development of 
nanoscale thermal anemometry probes (NSTAP). Results 
presented in Bailey et  al. (2010) confirmed the proper 
functioning of the NSTAP, while showcasing its superior 
spatial and temporal resolution. Given its smaller size and 
faster response compared to a conventional hot-wire, its 
application in high-speed flows was particularly alluring. 
The NSTAP was therefore redesigned and tested for this 
very purpose (Kokmanian et al. 2019; Kokmanian 2020). 
However, in order to completely comprehend its output, a 
thorough investigation of the governing heat transfer from 
hot-wires in high-speed flows must be undertaken.

1.1  Heat transfer from hot‑wires in high‑speed flow

Assuming a steady flow, the convective heat loss, H, can be 
normalized using Nu =

h�c

k
:

Here, h denotes the heat transfer coefficient, k denotes the 
thermal conductivity of the fluid, �c is a characteristic length 
scale of the wire, while A is the surface area of the sensing 
element. For a conventional cylindrical hot-wire, its diam-
eter, d, represents the characteristic length scale and its sur-
face area is simply A = �d� . However, considering a thin 
sensing element of ribbon-like geometry, both its thickness, 
t, and its width, w, can potentially be the governing length 
scale. As for the surface area, it is rather A = 2w� , where 
� is the length of the filament. The temperature difference 
in Eq. 1, also denoted as �T = Tw − Te , represents the dif-
ference between the temperature of the heated wire, Tw , and 
the recovery temperature, Te , the latter of which is namely 
the equilibrium temperature of the unheated wire for a given 
aerodynamic condition. In practice, the convective heat loss 
is balanced, and hence measured, by the electrical supply: 
H = E2

w
∕Rw = Rwi

2 . Here, Ew , Rw and i are the wire’s volt-
age, heated resistance and traversing current respectively.

In his seminal analysis of hot-wire anemometry in super-
sonic flows, Kovásznay (1950) showed through dimensional 
analysis that the Nusselt number, Nu, is a function of the 
following five parameters:

(1)Nu =
H

k
A

�c

(

Tw − Te
)
.

The Reynolds number, Re = �u�c

�
 , is a function of density, � , 

velocity, u, and dynamic viscosity, � , while the Prandtl num-
ber, Pr = �cp

k
 , depends on � , k as well as the specific heat at 

constant pressure, cp . The Mach number, M, is defined as the 
ratio between the flow velocity, u, and the speed of sound, 
a, while the overheat ratio, � =

�T

T0
 , is the ratio between �T  

and the stagnation temperature, T0 . Lastly, �
�c

 denotes the 
aspect ratio of the wire filament and is constant for a given 
sensor. Although the fluid properties � and k vary with tem-
perature, they are typically evaluated at the stagnation condi-
tions since the shock generated upstream of the wire 
increases the static temperature of the flow downstream of 
the shock close to the value of T0 (Kovásznay 1950; Kovász-
nay and Törmarck 1950).

For a given wire geometry and nearly constant Pr condi-
tions, the relation can be simplified to:

Laufer and McClellan (1956) investigated the effect of M 
on Nu and found Nu to be insensitive to M for Re > 20 and 
1.3 < M < 4.5 . Extensive measurements performed by Barre 
et al. (1992) confirmed this trend for M > 1.3 . In particular, 
for this Mach number range, the experiments from Kovász-
nay (1950) and Laufer and McClellan (1956) clearly dem-
onstrated a power-law relationship of the following form:

where f and g are non-dimensional functions solely depend-
ent on � , and �c is selected as the diameter, d, for cylin-
drical hot-wires (Kovásznay 1950; Smits et al. 1983). As 
for the exponent, n, both Kovásznay and Törmarck (1950) 
and Laufer and McClellan (1956) investigated the behav-
ior of conventional hot-wires in supersonic flows and found 
that n = 0.5 agreed well with the entirety of their data for 
Re > 20 . A square root dependence on Re leads to the semi-
nal King’s law (King 1914). Later, Smits et al. (1983) placed 
a 5 μ m hot-wire in a M = 2.9 flow and rather found that 
n = 0.55 best fit their calibration data.

Unlike � , the variation in � cannot be neglected in the 
study of hot-wire anemometry in supersonic flows; its effect 
cannot be decoupled to that of u. That being said, hot-wires 
measure the mass flux, �u . Therefore, when deploying a hot-
wire in supersonic flow, a calibration is sought between Nu 
and Re, or, more practically, between Ew and �u.

It is important to note that as M increases, or equivalently 
as Re decreases, rarefied gas effects become significant. The 
non-dimensional number of importance is known as the 
Knudsen number, Kn, generally defined as:

(2)Nu = Nu

(

Re,Pr,M, �,
�

�c

)

.

(3)Nu = Nu(Re,M, �).

(4)Nu = f (𝜏) + g(𝜏)Ren for M > 1.3,
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or, making use of kinetic theory of gases (Dewey 1965; Gat-
ski and Bonnet 2009):

In the above equations, � is the mean free path of the fluid, 
�c remains the characteristic length scale of the wire and � is 
the ratio of specific heats. Stalder et al. (1951) found that, for 
large Kn, the governing heat transfer becomes linear, i.e. the 
exponent in Eq. 4 equals unity. Baldwin et al. (1960) com-
piled supersonic heat transfer data of transverse cylindrical 
hot-wires in a rarefied air stream and clearly identified the 
linear Nu − Re relationship. Dewey (1965) later compiled 
hot-wire data obtained in various conditions and observed 
a smooth transition in exponent from sensor operation in 
continuum flow, where n = 0.5 , to operation in free-mole-
cule flow, where n = 1 . A similar compilation of experimen-
tal results is shown in Fig. 1, where data from Kovásznay 
(1950), Stalder et al. (1952), Laufer and McClellan (1956), 
Dewey (1961) and Weltmann and Kuhns (1960) are visually 
depicted. A clear shift in slope can be observed. It must be 
noted that all data sets included in Fig. 1 were obtained with 
conventional cylindrical hot-wires.

(5)Kn =
�

�c

,

(6)Kn =

√

��

2

M

Re
.

1.2  The nanoscale thermal anemometry probe

With the advent of micro-electro-mechanical systems, the 
nanoscale thermal anemometry probe (NSTAP) was devel-
oped in response to the need for highly resolved turbulence 
measurements (Bailey et al. 2010; Fan et al. 2015). This 
miniature silicon-based hot-wire contains a nanoscopic layer 
of platinum which comprises the sensing element. The tem-
perature coefficient of resistance of the platinum layer was 
experimentally found to be � = 0.0021K

−1 . Due to the depo-
sition process of the metallic layer, the cross section of the 
sensing element is rectangular as opposed to being circular.

The NSTAP is fabricated in Princeton University’s clean 
room, providing complete control of its design and manufac-
turing. Due to its high spatial and temporal resolution, the 
NSTAP was recently altered in order to operate efficiently in 
high-speed flows (Kokmanian et al. 2019; Kokmanian 2020). 
Figure 2 illustrates the supersonic variant of the NSTAP, 
henceforth denoted as the S-NSTAP. In Figs. 2 (a, b), the 
sensor is soldered onto prongs, showcasing the entirety 
of the structure. Figures 2 (c, d) rather focus on the two-
dimensional pattern of the metallic layer of the S-NSTAP. 
The heated ribbon, at the very tip of the structure, is 30 μ m 
long, 2 μ m wide and approximately 400 nm thick. The sili-
con supports at each end of the sensing element are tapered 

Fig. 1  Compilation of heat transfer measurements in supersonic 
flows. The data points were extracted from the experiments reported 
by Kovásznay (1950), Stalder et  al. (1952), Laufer and McClel-
lan (1956), Dewey (1961) and Weltmann and Kuhns (1960). The 
reported Mach numbers lie within the range 1.15 < M < 5.8 , while 
the overheat ratio spans 0 < 𝜏 < 1

Fig. 2  Top (a) and side (b) views of the S-NSTAP soldered onto cop-
per-plated stainless steel prongs for mounting purposes (flow, in this 
case, is from right to left); (c) microscope image showcasing the layer 
of platinum, under which lies a layer of silicon. This image focuses 
on the tip of the sensor where the silicon bridge, downstream of the 
sensing element, is also captured; (d) dimensions of the platinum 
layer, adapted from Kokmanian et al. (2019). The freestanding wire, 
located at the very tip and highlighted in the zoomed-in image, is 30 
μ m long, 2 μ m wide and 400 nm thick. All displayed dimensions are 
in micrometers
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in order to maintain an aerodynamic shape and extract near-
wall measurements, while the silicon bridge downstream of 
the wire is intended to weaken wire vibration. Additional 
information regarding the design modifications can be found 
in Kokmanian et al. (2019).

Given the difference in cross section compared to a con-
ventional hot-wire, selecting the S-NSTAP’s characteristic 
length scale for the calculation of both Re and Kn is not 
obvious. For instance, selecting the width of the sensing 
element as the characteristic length scale yields Knwt = 0.98 
for M = 2 and Rewt = 3 , while Knt = 4.9 if the thickness 
was selected instead. Since both values are greater than 
the Kn = 0.001 threshold for continuum flow (Rapp 2017), 
rarefied gas effects cannot be excluded and the appropriate 
exponent for the Nu − Re calibration is not known a priori. 
The goal of this study is to provide a comprehensive char-
acterization of the S-NSTAP’s heat transfer in supersonic 
flows. This is done by isolating the effect of Re, M and � on 
Nu and computing the mass flux sensitivity coefficient of the 
sensor. In addition, the spectral response of the S-NSTAP is 
compared to that of a cylindrical hot-wire based on meas-
urements across a turbulent boundary layer with free-stream 
Mach number M∞ = 2 . Data from both hot-wires are also 
compared to results from a numerical simulation.

2  Experimental setup and methodology

All experiments were performed in the supersonic wind tun-
nel facility located at the Institut Universitaire des Systèmes 
Thermiques et Industriels (IUSTI) in Marseille, France. This 
facility is ideally built for hot-wire measurements, given 
its low freestream turbulence levels. Furthermore, its low 
operating stagnation pressure, ranging from 0.15 to 0.9 atm, 
generates low loading on the sensor and enhances its sur-
vivability. This facility also has the capability of generat-
ing supersonic flow continuously while maintaining stable 
temperature and pressure. It is equipped with total pressure 
and total temperature sensors, the readings of which are 
recorded during sensor operation. Three pieces of tape are 
secured along the spanwise direction upstream of the throat 
in order to trip the boundary layers, present on the top and 
bottom walls of the test section, to a turbulent state. The 
test section is 105 mm high and 170 mm wide. A traverse 
system combined with an external scope are used to ensure 
sub-millimeter accuracy (< 0.1mm) in the positioning of 
the hot-wire.

Multiple tests were considered in order to accurately 
investigate the effect of the Reynolds number, the Mach 
number as well as the overheat ratio. The variation in Re 
was achieved by changing the stagnation pressure, while M 
was varied by altering the streamwise sensor location within 
the converging-diverging nozzle upstream of the test section. 

The effect of � was investigated by modifying the external 
resistance in the Wheatstone bridge of the anemometer. Fig-
ure 3 displays the experimental configurations for both the 
Re and M calibrations.

For all tests, the hot-wires were operated in a constant 
temperature anemometry mode (CTA), where the Dantec 
StreamLine CTA 90C10 module was used. The bridge con-
figuration was set to 1:1 for all S-NSTAP measurements as 
well as for measurements performed with a d = 5 μ m and 
� = 0.9mm conventional cylindrical wire. The correspond-
ing non-dimensional lengths were �+ = 2.4 and �+ = 72 
respectively, where the + subscript represents a scaling in 
viscous units.

In addition, the S-NSTAP was further characterized 
by obtaining mass flux profiles along a M∞ = 2 turbulent 
boundary layer (the measurement location is also shown in 
Fig. 3) at two distinct total pressures. The data collected 
with the S-NSTAP were compared to results obtained 
from the large eddy simulation (LES) of a canonical super-
sonic turbulent boundary layer described in Schreyer et al. 
(2016). The parameters of the simulation were the follow-
ing: M∞ = 2 , p0∞ = 0.4 atm , T0∞ = 293K , u� = 21.2m/s , 
Re� = �u�∕�wall = 893 and Re� = �u∞∕�∞ = 5150 . Here, 
� denotes the boundary layer thickness, u� represents the 
friction velocity, � denotes the kinematic viscosity, while � 
represents the momentum thickness. The high grid resolu-
tion in viscous units, namely �x+ ≈ 30 in the streamwise 
direction and �z+ ≈ 12 in the spanwise direction, allowed for 
the simulation to be considered wall-resolved. The selective 
mixed-scale model was selected as the subgrid-scale model 
for this simulation. The numerical results were obtained 

Fig. 3  Schematics of the converging-diverging nozzle followed by 
the M = 2 test section, showcasing where the experimental measure-
ments were taken (not to scale). Both the Reynolds number calibra-
tion and the boundary layer profile were obtained in the M = 2 test 
section (top), while the S-NSTAP was traversed between the throat 
and the test section for the Mach number calibration (bottom). The 
solid black arrows mark the various measurement positions
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55 cm downstream of the nozzle throat; the corresponding 
boundary layer thickness measured from the velocity profile 
equaled � = 11.16mm.

3  Heat transfer measurements

3.1  Mass flux calibration

In order to investigate the supersonic heat transfer law at 
very small scales, the S-NSTAP was initially placed in the 
freestream at M = 2 . The stagnation pressure was incremen-
tally increased from 0.19 to 0.87 atm in order to vary the 
Reynolds number, while keeping all other parameters fixed. 
The objective was to investigate the heat transfer behavior 
of the S-NSTAP over a reasonably large mass flux range 
corresponding to low Reynolds numbers. As observed in 
Fig. 4, a convincing n = 0.5 fit both the Nu − Rewt and the 
E2
w
∕Rw − �u calibrations well. The difference between the 

current results and the ones presented in Kokmanian et al. 
(2019) can be attributed to the wider range of Rewt . It must 
be noted that the subscript wt denotes that the width of the 
sensing element was selected as the characteristic length 
scale, while variables with the subscript w rather designate 
that they were evaluated at the heated wire condition.

It is also of interest to remark that the values of Nu for 
the S-NSTAP are significantly larger than the normalized 
heat loss of conventional hot-wires presented in Fig. 1. This 
increase in Nu is primarily due to an artificial increase in 
resistance; although Rw is defined as the wire resistance, 
the total sensor resistance is instead measured for practical 
purposes. Given that the probe body has a certain resistance, 
this should be subtracted from the total resistance in order 
to obtain the exact resistance of the sensing element, i.e. 
Rw = Rtotal − Rbody . However, since the exact value of Rbody 
is unknown, it was lumped into Rw . This is not expected 
to affect the obtained measurements, given that the signifi-
cantly larger surface area of the probe body does not cause 
a large increase in temperature. The probe body resistance is 
not expected to vary with mass flux, simply causing an offset 
in the calibration. Future work will focus on determining the 
exact wire resistance.

Upon extraction of the Nu − Re calibration, boundary 
layer data were collected with the S-NSTAP at p0∞ = 0.5 
and 0.8  atm and were subsequently converted to mass 
flux (assuming no Mach number and no total temperature 
effects). Re� was measured in a previous campaign and 
was found to be Re� = 4850 at M∞ = 2 and p0∞ = 0.4 atm 
(Schreyer et al. 2016).

Data were recorded throughout the boundary layer with 
an increment of y∕� ≈ 0.1 . The wall-normal distance was 
normalized by the boundary layer thickness defined as 
the location where �u = 0.99

(

�u
)

∞
 . Unsurprisingly, the 

value of � varied between both data sets, where it equaled 
� = 11.88mm when p0∞ = 0.5 atm and 11.35  mm when 
p0∞ = 0.8 atm . A standard cylindrical wire ( d = 5 μ m and 
� = 0.9mm ) was also used as an experimental benchmark, 
where a Nu − Re calibration was extracted at M = 2 in the 
freestream, followed by a boundary layer measurement cam-
paign at p0∞ = 0.5 atm.

Figure 5 depicts the normalized mass flux profiles. Good 
agreement can be found between the experimental and 
numerical results for y∕𝛿 > 0.5 . Closer to the wall, the 
S-NSTAP data appear to deviate slightly from the other two 
data sets, with a maximum of a 10% undershoot compared 
to the LES data set. Since the data were only calibrated in 

0 50 100 150
0.006

0.0075

0.009

0.0105

0.012

0 6 12 18
28

36

44

52

60

Fig. 4  Top: E2
w
∕Rw − �u calibration with a fit of 

E2
w
∕Rw = 0.0051 + 0.00047

√

�u where Rw = 28.5 Ω . Bottom: 
Nu − Rewt calibration with a fit of Nu = 26.05 + 7.16

√

Rewt . Both 
fits agree well with the experimental data ( R2 = 0.9998 and 0.9997 
respectively), collected at M = 2 and � = 0.44
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Re, the possibility of M or T0 variation influencing the data 
is possible. However, the transonic M = 1.3 threshold for M 
independence, suggested by Laufer and McClellan (1956) 
and confirmed by Barre et al. (1992), occurs at y∕� = 0.18 . 
The closest experimental data point collected with the hot-
wires was at y∕� ≈ 0.086 , indicating that previously reported 
M number effects can only influence the point nearest to the 
wall. As for the effect of T0 , Te was recorded during the col-
lection of data and appeared to stay constant throughout the 
boundary layer. The recovery ratio, � =

Te

T0
 , has been found 

to range between 0.95 and 0.97 for a variety of supersonic 
flows and has been said to be M independent in the contin-
uum flow regime, where Kn ≪ 1 (Spina and McGinley 
1994). If the S-NSTAP operated in the continuum regime, 
then a constant Te and a relatively constant � would imply a 
constant T0 . However, given the low local Re and high asso-
ciated Kn seen by the S-NSTAP, this is not necessarily valid.

3.2  Sensitivity analysis

In the investigation of supersonic turbulent flows, in particu-
lar boundary layers, the voltage fluctuations for a given wire 
can most generally be expressed in terms of mass flux, total 
temperature and Mach number variations:

where F�u , FT0
 and FM represent the non-dimensional 

mass flux, total temperature and Mach number sensitivity 

(7)
e�

Ew

= F�u

(�u)�

�u
+ FT0

T �
0

T0

+ FM

M�

M
,

coefficients respectively. A detailed analysis of the sensitiv-
ity coefficients was presented by Morkovin (1956).

The effect of M can be encompassed in the other two 
sensitivity coefficients (Dupont and Debiève 1992):

where the expression in the first set of brackets, encompass-
ing both F�u and FM , is named F1 for simplicity. In order 
to extract the dependence on �u , the E2

w
− �u calibration, 

obtained at M = 2 , was directly applied to the boundary 
layer signals collected both at p0∞ = 0.5 and 0.8 atm. Shown 
in Fig. 6 is the normalized standard deviation of the voltage 
fluctuations, plotted against that of the mass flux fluctua-
tions. Albeit at distinct p0∞ , both data sets collapse on a line 
with a slope of F1 = 0.12 . A downward hook appears at the 
maximum turbulence level (locations closest to the wall). 
Repeating this process for the conventional 5 μ m cylinder 
yields F1 = 0.25 , namely twice the S-NSTAP’s mass flux 
sensitivity.

Of course, the values of F1 obtained above depend on the 
calibration coefficients. Since the wire voltage was approxi-
mated by a law of the type E2

w
= a1 + b1(�u)

n , the first order 
approximation of the voltage fluctuations implies:

(8)

e�

Ew

=

(

F�u + FM

1 +
�−1

2
M2

1 + (� − 1)M2

)

(�u)�

�u
+

(

FT0
+

FM

2

1 +
�−1

2
M2

1 + (� − 1)M2

)

T �
0

T0

,

0 0.2 0.4 0.6 0.8 1 1.2
0

0.5

1

1.5

2

Fig. 5  Normalized mass flux profiles across the turbulent supersonic 
boundary layer. The S-NSTAP acquired data at two distinct stagna-
tion pressures: p0∞ = 0.5 atm ( ◦ ) and p0∞ = 0.8 atm ( ▿ ). Data from 
the conventional hot-wire are depicted in black ( × ), while the LES is 
depicted in grey

0 0.06 0.12 0.18

0.01

0.02

0.03

Fig. 6  Standard deviation of voltage fluctuations normalized by local 
mean wire voltage, plotted against the standard deviation of the mass 
flux fluctuations normalized by local mean mass flux. The mass flux 
sensitivity coefficient is determined by the slope of the curve and was 
found to be F1 = 0.12 for both p0∞ = 0.5 atm ( ◦ ) and p0∞ = 0.8 atm 
( ▿ ) data sets collected with the S-NSTAP, while it was rather 
F1 = 0.25 for the conventional 5 μ m hot-wire at p0∞ = 0.5 atm ( ×)
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The calculation of F�u based on the calibration coeffi-
cients reported in Table 1 gives a systematic value for the 
5 μ m cylindrical hot-wire of F�u = 0.245 ± 2% for any mass 
flux value within the calibration range (between 30 and 
110 kg/m2s). Comparing this to the results highlighted in 
Fig. 6 would lead to the conclusion that F1 ∼ F�u = 0.245 
for most data points, thus confirming the absence of Mach 
number effects for M > 1.3 (Barre et al. 1992). The same 
calculation performed for the S-NSTAP yields values of F�u 
between 0.084 and 0.123 in the same range of mass flux. The 
correction factor in the denominator of Eq. 9 explains the 
leading order change with respect to the conventional cylin-
drical sensor. However, most of the initial boundary layer 
data points in Fig. 6 (i.e. lower mass flux fluctuations cor-
responding to locations farther away from the wall) exhibit 
a linear trend pointing to F1 ∼ 0.12 , until the normalized 
standard deviation of the mass flux fluctuations reaches 
approximately 0.12. Hence, the difference between F�u and 
F1 is attributed to the effects of Mach number, either by the 
presence of FM in Eq. 8 (not known a priori) or by a depend-
ence of a1 and b1 on M.

As for the sensitivity to total temperature, T0 could unfor-
tunately not be altered during a run. The overheat ratio, 
which in effect sets the temperature difference, �T  , was 
altered instead and the results are displayed in §3.4.

3.3  Effect of Mach number

Isolating the effect of M on the heat transfer is challeng-
ing due to its coupling with other parameters. In practice, 
the Mach number was varied by traversing the sensor along 
the converging-diverging supersonic nozzle as depicted in 
Fig. 3. However, this also leads to a variation in the mass 
flux, �u:

Therefore, the data collection was repeated for a range of 
stagnation pressures p0 in order to obtain data at distinct 
M, but constant �u . Figure 7 displays the parameter space 
�u −M covered by multiple stagnation pressures, mak-
ing use of Eq. 10. Data were collected at five different p0 , 

(9)F�u =
n

2

(

1

1 +
a1

b1(�u)
n

)

.

(10)�u = p0

√

�

RT0
M

(

1 +
� − 1

2
M2

)−
�+1

2(�−1)

.

namely 0.23, 0.30, 0.41, 0.50 and 0.60 atm, and at eleven 
downstream locations, depicted by the markers in the figure. 
For a given p0 , M decreased while �u increased as the hot-
wire was brought closer to the nozzle’s throat. The exact 
values of M were obtained using a Pitot tube which traversed 
the converging-diverging nozzle. Figure 8 displays the mean 
wire voltage, Ew , as a function of M, while Fig. 9 depicts 
the variation between Ew and the local mean mass flux, �u . 
Interestingly, Figs. 8 and 9 depict a non-monotonic variation 
of Ew throughout the converging-diverging nozzle. One can-
not draw conclusions on the effect of M on the mean volt-
age by merely analyzing Fig. 8 since �u , and consequently 
Re, vary while traversing the hot-wire through the nozzle. 
Looking at Eq. 10, although p0 and T0 remain invariant, 
a variation in �u leads to a variation in M. Similarly, the 
dependence of Ew on �u , shown in Fig. 9, varies from what 
was portrayed in Fig. 4 due to the variation of M throughout 
the data extraction.

In order to better understand the individual effect of M 
on Ew , smoothing splines were fitted in each p0 data set 
and eight �u values were selected and kept fixed while M 
varied. These values are, in ascending order, 45, 50, 56, 
70, 83, 90, 96 and 120 kg/m2 s. Depicted in Fig. 10 is the 
Ew −M relationship while keeping all other parameters 
constant. The mean voltage increases with �u . This is not 
surprising; plotting the Ew

2

− �u relationship for M = 1.5 

Table 1  Calibration coefficients 
for both sensors

Sensor a1 [V
2] b1

[

mV2s1∕2

kg1∕2

]

R
w
[Ω] � M n

5 μm 0.00215 0.0154 4.45 0.73 2 0.5
S-NSTAP 0.145 0.0134 28.5 0.44 2 0.5
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Fig. 7  Theoretical mass flux, �u , plotted against the Mach number, 
M, for five distinct stagnation pressures, p0 : 0.23 ( × ), 0.30 ( ◦ ), 0.41 
( ▿ ), 0.50 ( ∗ ) and 0.60 ( ▵ ) atm
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yields the well-known n = 0.5 calibration, similar to the one 
shown in Fig. 4. In addition, Ew slightly increases with M 
with a similar slope for all values of �u . This slope provides 
an approximate sensitivity coefficient to Mach number of 
FM ∼ O(0.04) which points to a non-negligible effect of M 
on F1 in Eq. 8, confirming the previous analysis.

According to the analysis presented by Morkovin (1956), 
FM estimated above depends on both ��∕�M and �Nu∕�M , 
where � = Te∕T0 is the recovery factor. Therefore, the recov-
ery temperature, Te , was measured throughout the data col-
lection process and a systematic increase was measured as 

the S-NSTAP moved towards the throat. Figure 11 displays 
an inverse trend between � and M. Laufer and McClellan 
(1956) obtained � = 0.95 ± 0.01 when Re > 20 and observed 
a sharp increase in � as Re decreased below this value. 
Depicted in Fig. 11, � increases from � = 0.926 to 0.967 as 
M decreases from 2 to 1, showcasing a similar trend as what 
was found in Laufer and McClellan (1956). However, since 
the Reynolds numbers calculated for the S-NSTAP were all 
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Fig. 8  Mean wire voltage, Ew , plotted against M for five distinct stag-
nation pressures, p0 : 0.23 ( × ), 0.30 ( ◦ ), 0.41 ( ▿ ), p0 = 0.50 ( ∗ ) and 
p0 = 0.60 ( ▵ ) atm
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Fig. 9  Mean wire voltage, Ew , plotted against �u for five distinct stag-
nation pressures, p0 : 0.23 ( × ), 0.30 ( ◦ ), 0.41 ( ▿ ), p0 = 0.50 ( ∗ ) and 
p0 = 0.60 ( ▵ ) atm
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Fig. 10  Ew versus M, keeping all other parameters constant. Data for 
the following eight values of �u were included, in ascending order: 45 
( × ), 50 ( ◦ ), 56 ( ▿ ), 70 ( ∗ ), 83 ( ▵ ), 90 ( ♢ ), 96 ( ⊲ ) and 120 ( ⊳ ) kg/m2s
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Fig. 11  Recovery ratio, � =
Te

T0
 , as a function of M. Data obtained 

with the S-NSTAP at five different p0 : 0.23 ( × ), 0.30 ( ◦ ), 0.41 ( ▿ ), 
0.50 ( ∗ ) and 0.60 ( ▵ ) atm
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below 20, slightly larger values of � were expected. This 
discrepancy is likely due to the difference in wire geometry.

Knowing the values of � , Ew and Rw , Nu was computed 
and plotted against M for the eight selected values of �u , the 
results of which are displayed in Fig. 12. Unsurprisingly, Nu 
increases with Re. Contrary to the effect of � , however, there 
does not appear to be a systematic trend in the effect of M 
on the governing normalized heat transfer, i.e. �Nu∕�M ∼ 0 . 
Both facts point to a Mach number sensitivity, FM , depend-
ent on the variations of Te , according to the aerodynamic 
conditions Re and M. A source of error undoubtedly stems 
from the estimation of � across the nozzle. Due to the low 
resolution of the acquired Te measurements, this needs to be 
further investigated.

3.4  Effect of overheat ratio

The measurements presented above were all obtained with 
a fixed imposed Rw , leading to an almost constant overheat 
ratio, � . To better understand on the effect of overheat ratio 
on the sensor’s heat transfer characteristics, the S-NSTAP 
was placed in the freestream at M = 2 and data were col-
lected at four different values of overheat ratio by varying 
Rw . It must be noted that, since the measured Rw is larger 
than the sole resistance of the nanoscale sensing element, 
the true wire temperature is greater than what is estimated 
using the overheat ratio; this explains why a seemingly low 
overheat ratio can still lead to sufficient Joule heating.

Although the output voltage increased with an increase 
in � , the corresponding Nu decreased due to the larger tem-
perature difference, �T  , between the wire temperature and 

the recovery temperature. This is depicted in Fig. 13, where 
Nu is plotted against the square root of the Reynolds number 
based on the width of the sensing element, 

√

Rewt . Lines fit 
the data well for the three larger values of � , confirming the 
square root dependence of Nu on Rewt , while the data set 
collected at the lowest � = 0.071 deviates from this linear 
Nu ∼

√

Rewt trend. Although a decrease in the normalized 
heat loss Nu with � was also reported by Kovásznay (1950) 
and Laufer and McClellan (1956), the physical reasons for 
this trend remain an open question.

4  Turbulence quantification in a supersonic 
boundary layer

Upon characterization of the governing heat transfer mecha-
nisms of the S-NSTAP, an investigation of the spectral con-
tent across a M∞ = 2 boundary layer was undertaken. Fig-
ure 14 displays the power spectral density of the measured 
voltage fluctuations, �e , without any sort of processing, at 
both y∕� = 2.5 and y∕� = 0.084 . The wavenumber, kx , was 
computed using Taylor’s hypothesis, i.e. kx = f∕u , where f 
denotes the frequency and u denotes the streamwise velocity 
(Smits et al. 2011). As expected, the freestream flow con-
tains much less energy than very close to the wall; visually, a 
shift of more than a decade is depicted between both spectra. 
The remarkably clean spectrum at y∕� = 0.084 resembles 
the classical turbulence spectrum (Perry et al. 1986).

In order to further investigate the spectral content pre-
sent in the supersonic turbulent boundary layer, the cali-
brated mass flux signals were Fourier transformed. Figure 15 
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Fig. 12  Nu versus M, maintaining all other parameters constant. 
Data for the following eight values of �u were included, in ascending 
order: 45 ( × ), 50 ( ◦ ), 56 ( ▿ ), 70 ( ∗ ), 83 ( ▵ ), 90 ( ♢ ), 96 ( ⊲ ) and 120 
( ⊳ ) kg/m2s
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Fig. 13  Nu versus 
√

Rewt for four different values of � : 0.071 ( ▿ ), 
0.24 ( ▵ ), 0.44 ( × ) and 0.56 ( ◦ ). Linear fits were added to each data set 
to verify the dependence of Nu on 

√

Rewt
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depicts the power spectral density of the streamwise mass 
flux fluctuations, ��u , the latter of which were normalized 
by their local mean value, �u . This was done in order to 
directly compare the HWA to the numerical results from the 
LES which was performed at a slightly lower p0∞ . Data cap-
tured at y = 1mm or, equivalently, at y∕� = 0.086 ± 0.002 
are plotted. The standard 5 μ m hot-wire was also calibrated 

and its normalized power spectral density is included, in 
black, for comparison. The corresponding non-dimensional 
wall-normal distance for the LES is y∕� = 0.09 where, in 
this case, � = 11.16mm . Data from the standard hot-wire 
and the LES collapse at the lowest frequencies, while the 
S-NSTAP data capture slightly more energy. However, when 
kx𝛿 > 0.1 , the S-NSTAP and LES data match well, while 
the conventional hot-wire underpredicts the energy. Inter-
estingly, all three data sets obtained with hot-wire anemom-
etry appear to capture a slight hump around kx� ∼ 0.003 
before tailing off. The proximity of the sensor to the end 
of the converging-diverging nozzle compounded with the 
relatively low Reynolds number may have led to incomplete 
development of the turbulent structures. However, this low 
frequency hump may also be attributed to large-scale struc-
tures; additional measurements will be performed in order to 
shed light on the cause of this phenomenon. As of kx� = 0.1 , 
the three spectra obtained via hot-wire anemometry follow 
the classical k−1

x
 trend for more than a decade (Perry et al. 

1986). Moreover, aliasing becomes noticeable in the LES at 
kx� ∼ 5 , where the apparent energetic increase is nonphysi-
cal (Jiang et al. 2017). It is clear from these spectra that the 
S-NSTAP exhibits a superior temporal resolution than that 
of the conventional hot-wire. A standard square wave test 
in M = 2 freestream flow with the use of CTA under a 1:1 
bridge configuration resulted in a frequency response after 
electronic compensation on the order of 300 kHz for the 
S-NSTAP as opposed to 100 kHz for the standard probe. 
These values were obtained using the method of Freymuth 
(1977). By comparing the S-NSTAP’s results to previous 
works, the S-NSTAP measures more turbulence intensity 
than conventional hot-wires placed in similar flows. The 
S-NSTAP’s higher estimated turbulence intensity is likely 
due to the increased bandwidth of the nanoscale sensor, con-
firming its increased performance.

Depicted in Fig.  16 is the standard deviation of the 
streamwise mass flux signal throughout the boundary layer. 
Here, 

√

(�u)�2 is normalized by the local mean mass flux, 
�u . The results obtained from both the LES and the con-
ventional hot-wire are also included for comparison. All 
hot-wire data shown in Fig. 16 were band-pass filtered in 
order to remove the effect of the large-scale motions; fre-
quencies between f = 2000 and 100, 000 Hz, or equiva-
lently 0.045 < f 𝛿∕u∞ < 2.25 , contributed to the calculation 
of the standard deviation, where the freestream streamwise 
velocity equaled u∞ = 510.8 m/s. Above y∕� ∼ 0.4 , all data 
sets behave similarly and a close agreement is particularly 
observed between the p0∞ = 0.5 atm data set collected with 
the S-NSTAP and the LES. Below y∕� ∼ 0.4 , however, the 
turbulence level obtained with HWA decreases, while it 
appears to monotonically increase for the LES. This mono-
tonic increase has also been observed using direct numerical 
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Fig. 14  Power spectral density of unprocessed voltage fluctua-
tions, �e , as a function of kx� , computed at y∕� = 2.5 (black) and 
0.084 (blue). Data collected using the S-NSTAP at � = 0.44 and 
p0∞ = 0.5 atm

Fig. 15  Power spectral density of the streamwise mass flux fluc-
tuations, ��u , normalized by the corresponding local mean mass 
flux at a normalized wall-normal distance of y∕� = 0.086 ± 0.002 . 
The S-NSTAP signal collected at p0∞ = 0.5 atm is in red, while the 
p0∞ = 0.8 atm data set is depicted in blue. The data from the conven-
tional hot-wire, collected at p0∞ = 0.5 atm , are in black and the LES, 
performed at p0∞ = 0.4 atm , is depicted in grey
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simulation (DNS), where the normalized streamwise compo-
nent of turbulence intensity was plotted as a function of nor-
malized wall-normal distance and a clear maximum in tur-
bulence fluctuations was found at y∕� ∼ 0.1 (Martin 2004).

Although only captured with HWA, this mid-boundary 
layer peak in turbulence is physical and has been noticed in 
previous studies. Kistler (1959) traversed a turbulent, zero 
pressure gradient boundary layer with a 1.27 μ m diameter 
hot-wire at three distinct Mach numbers and collected data 
until y∕� = 0.1 in order to prevent Mach number effects from 
contaminating the data. He observed similar trends for his 
M∞ = 3.56 and M∞ = 4.67 data sets, where a clear peak 
was found at y∕� = 0.4 . As for the lowest Mach number 
data set, M∞ = 1.72 , it appeared to increase monotonically 
with a decrease in y∕� . Smits et al. (1983) later found simi-
lar results, where they placed a 2 to 5 μ m diameter probe 
in a M∞ = 2.9 , Re� = 77, 600 turbulent boundary layer. A 
peak of �u∕

(

�u
)

∞
≈ 12% was found at y∕� = 0.5 . Lastly, 

Spina and McGinley (1994) plotted the fluctuating mass flux 
profile of a M∞ = 11 helium boundary layer obtained with 
HWA. A clear peak was also found relatively far from the 
wall, at y∕� = 0.5.

The effects of density, wall-normal velocity and large-
scale structures were investigated to potentially elucidate this 
peak in turbulence. As previously stated, hot-wires meas-
ure the product of density and velocity, while simulation 

methods, such as LES, allow for the individual examination 
of streamwise velocity. That being said, the difference in 
profile throughout the turbulent boundary layer between the 
streamwise velocity and density could explain the behavior 
seen in Fig. 16. For example, Spina and McGinley (1994) 
attributed their obtained outward shift in peak turbulence to 
the fact that the density near the wall was much lower than 
the density farther from the wall ( �∞∕�wall ≈ 35 ), a typical 
phenomenon in hypersonic boundary layers. However, the 
LES results show a less than twofold variation in density 
across the M∞ = 2 boundary layer, invalidating this hypoth-
esis for the present study.

Other than the effect of density, it was hypothesized that 
the wall-normal velocity fluctuations, v′ , may push the tur-
bulence outwards. Although v′ was not measured experimen-
tally, data from the LES were used to deter this conjecture; 
the mean wall-normal mass flux is insignificant compared 
to its streamwise counterpart, while the turbulence fluctua-
tions in the wall-normal direction are greatest at the wall and 
decrease as y∕� increases.

The third and final hypothesis is one regarding large-
scale structures. Elsinga et al. (2010) performed tomo-
graphic particle image velocimetry (PIV) to visualize a 
M∞ = 2.1 , Re� = 34, 000 turbulent boundary layer, applied a 
low-pass filter to the velocity data and noticed the presence 
of large-scale structures farther away from the wall. More 
recently, Bross et al. (2021) performed planar PIV at vary-
ing M and Re� ( 0.3 ≤ M ≤ 3.0 and 19, 370 ≤ Re� ≤ 81, 180 ), 
compared the superstructures present in both subsonic and 
supersonic turbulent boundary layers and noticed a 20% 
increase in the energetic streamwise wavelengths associ-
ated with supersonic large-scale structures. Albeit less 
pronounced than in the current study, Jiang et al. (2017) 
found a difference in the low frequency spectral content 
between their experimental and numerical data. Although 
the presence of superstructures was considered, their low 
Re� = 4850 led them to believe that the supersonic flow may 
be relaminarizing in the divergent segment of the converg-
ing-diverging nozzle before entering the test section (Jiang 
et al. 2017). Although this may have occurred, this must 
occur systematically in every experiment conducted using 
different facilities for it to explain the mid-boundary layer 
peak in turbulence. Since superstructures have been shown 
to exist at all Reynolds numbers and their presence in the 
outer layer of the boundary layer has been suggested, these 
large-scale structures could be the reason for the peak in 
variance near y∕� = 0.5 (Smits et al. 2011; Kim and Adrian 
1999; Tutkun et al. 2009; Adrian 2007). Additional meas-
urements will be performed to investigate the presence of 
large-scale coherent motions and potentially validate this 
final hypothesis.
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Fig. 16  Standard deviation of the streamwise mass flux sig-

nal, 
√

(�u)�2 , normalized by the local mean mass flux, �u , across 
a M∞ = 2 turbulent boundary layer. Red markers ( ◦ ) represent 
S-NSTAP data obtained at p0∞ = 0.5 atm , while blue markers ( ▿ ) 
depict S-NSTAP data obtained at 0.8 atm. The conventional hot-wire 
data set at p0∞ = 0.5 atm ( × ) and the LES data set at p0∞ = 0.4 atm 
(grey curve) were also added for comparison
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5  Conclusions and outlook

The purpose of this study was to investigate the response of 
small-scale thermal sensors in supersonic flows. To achieve 
this goal, the supersonic variant of the NSTAP, named the 
S-NSTAP, was tested in a supersonic wind tunnel facility. 
These measurements allowed for the isolated characteriza-
tion of the effects of Re, M and � on the governing heat 
transfer of the nanoscale hot-wire. For all tested Mach num-
bers, a heat transfer calibration of the form Nu ∝

√

Rewt was 
observed. Contrary to the effect of Re, it was found that 
an increase in � led to a decrease in Nu. A study was also 
undertaken in order to investigate the effect of M on the 
governing heat transfer of the S-NSTAP. The increase in 
M translated to an increase in output voltage, thus pointing 
to a non-negligible sensitivity of the output to the Mach 
number. While the effect of M on Nu appears to be negli-
gible, the recovery factor � is inversely proportional to the 
Mach number. In addition, the mass flux sensitivity of the 
S-NSTAP was quantified. Contrary to the F1 = 0.25 coef-
ficient obtained with a conventional d = 5 μ m cylindrical 
hot-wire, the S-NSTAP appeared to have a lower sensitivity 
coefficient of F1 = 0.12 . The sensitivity analysis also hints 
at the existence of a Mach number effect.

The spectral content of the S-NSTAP signal was also 
investigated from measurements in a M∞ = 2 turbulent 
boundary layer. The newly developed sensor was shown 
to outperform the conventional hot-wire, exhibiting a fre-
quency response on the order of 300 kHz when operated 
with a Dantec StreamLine CTA anemometer. Interestingly, 
the standard deviation of the streamwise mass flux sig-
nals did not exhibit a monotonic behavior throughout the 
boundary layer. Unlike the LES results, the data obtained 
experimentally showed a peak in the turbulence intensity at 
approximately y∕� = 0.4 . Applying a band-pass filter on the 
experimental signals led to a close agreement between all 
data sets, except very near the wall. The presence of large-
scale structures, captured by HWA, may contribute to this 
discrepancy and must be further explored.

As mentioned, the S-NSTAP exhibited an unparalleled 
frequency response, rendering it an attractive technique to 
measure turbulence in supersonic flows. However, certain 
factors require further investigation. First, the sensor follows 
the classical King’s law, while revealing Knudsen numbers 
in the range 0.25 < Knwt < 1 . It is of interest to inquire to 
what extent rarefied gas dynamics affect the governing heat 
transfer mechanisms at play. Numerical simulations covering 
slip flow and free-molecule flow regimes would be of great 
interest to shed light on this question. In addition, the impact 
of the sensor’s geometry should be further investigated, spe-
cifically the stub geometry supporting the sensing element 
and its effect on the heat transfer output. Finally, the thermal 

response of the nanoscale probe remains to be quantified by 
performing step changes in electric current using an elec-
tronic circuit without compensation.
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