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Abstract A detailed procedure to use a constant-voltage
anemometer (CVA) for the accurate measurement of turbulent flows is proposed. The procedure is based on the usual
small-perturbation analysis of hot-wire signals. It consists
in three steps: (1) the calibration of internal elements,
required to estimate the two main electrical parameters of
the CVA circuitry that are needed in the data analysis, (2)
a flow calibration to relate the CVA output voltage and the
hot-wire time constant to the flow velocity, and (3) a dataprocessing algorithm to recover the fluctuating flow quantities from the output voltage. The procedure is tested in two
classical turbulent flows: a zero-pressure-gradient boundary layer and a round jet. In both cases, the CVA results
are shown to be essentially indistinguishable from the
results obtained with a research-grade constant-temperature
anemometer.

1 Introduction
The constant-voltage hot-wire anemometer (CVA) has
now been in use for more than 20 years (Mangalam et al.
1992). Its function principle was described in detail by
Sarma (1998), and its performance was compared with the
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more common constant-temperature anemometer (CTA) by
Comte-Bellot et al. (1999), Kegerise and Spina (2000a, b)
and Weiss et al. (2005). The CVA circuit was analyzed in
terms of signal-to-noise ratio by Weiss and Comte-Bellot
(2004) and in terms of cable-resistance effects by ComteBellot et al. (2004). The CVA was used in experiments with
fluid temperature drifts, either in a standard laboratory setting (Truzzi et al. 2002) or within an automated procedure
(Sarma and Lankes 1999; Sarma and Comte-Bellot 2002).
More recently, the CVA was also shown to be advantageous
for the elimination of nonlinear effects in the presence of
large velocity and temperature fluctuations (Berson et al.
2009, 2010).
Over the years, the main advantage of the CVA was
found to be its wider frequency bandwidth compared to the
CTA. For example, Weiss et al. (2005) observed a cutoff
frequency of more than 450 kHz for a CVA operated with
a typical 5-μm hot-wire probe at a Mach number of 2.5,
whereas the cutoff frequency of a research-grade CTA in
the same conditions was only about 100 kHz. The CVA
circuit also exhibits a well-behaved second-order system behavior close to its cutoff frequency (Sarma 1998),
whereas the CTA’s frequency response strongly depends
on its tuning parameters (Weiss et al. 2001, 2013). Indeed,
Hutchins et al. (2015) recently demonstrated that the underor over-damped characteristics of CTA systems near their
cutoff frequency can lead to significant errors on the measurement of turbulent spectra in high-Reynolds-number,
wall-bounded flows. The favorable characteristics of the
CVA in terms of frequency response thus make it particularly attractive for measurements where the frequency content of the turbulent fluctuations is large, for example in
high-speed or high-Reynolds-number turbulent flows.
Most of the existing articles on the topic tend to analyze specific aspects of the CVA operation. In contrast,
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the purpose of the present article is to establish a practical, robust methodology for turbulence measurements
with a CVA. While especially targeted to subsonic applications, the proposed methodology can also be applied to
high-speed compressible flows, provided that the hot-wire
calibration law is modified accordingly (Comte-Bellot
2007). The article is organized as follows. Section 2 summarizes the function principle of the CVA and highlights
its key differences compared to the more classical CTA.
Section 3 then describes the proposed experimental procedure. Finally, Sect. 4 illustrates the use of the proposed
methodology by comparing CVA and CTA measurements
performed in a turbulent boundary layer and in a subsonic
jet.

2 Function principle of the CVA
Figure 1 shows a schematic diagram of the CVA circuit.
The circuit maintains the voltage Vw across the hot-wire
of resistance Rw and its connecting cable rL constant. The
resistance rL takes into account the total resistance of the
connecting cable, that is, the cable itself, the probe support,
the hot-wire “prongs,” and any connector present between
the sensor and the electronic circuit (Comte-Bellot et al.
2004). Resistors R2a and R2b, together with capacitor C,
act as a high-pass amplifier to compensate for the hot-wire
thermal inertia. The circuit presented in Fig. 1 is a typical
non-inverting amplifier configuration (Horowitz and Hill
1989). Earlier versions of the CVA used an inverting configuration that essentially achieves the same objective of
maintaing Vw constant across the hot-wire. Detailed analysis of this earlier system were presented by Sarma (1998),
Comte-Bellot et al. (2004) and Berson et al. (2009). The
main difference between the inverting and non-inverting
configurations is the presence of another resistor (called
RF in earlier publications) that does not appear in the noninverting configuration.

Fig. 1  Schematic diagram of the CVA circuit. Rw stands for the hotwire resistance and rL for the resistance of its connecting cable
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With the notations of Fig. 1, the output voltage Vs is
given by:


R2
R2 Vw dRw
,
− TC
Vs = Vw 1 +
(1)
Rw + rL
(Rw + rL )2 dt
where
The
time
constant
R2 = R2a + R2b.
TC = R2a R2b C/R2 is the hardware compensation setting
of the circuit. Equation 1 is valid up to the circuit’s cutoff
frequency, which mainly depends on the operational amplifier’s characteristics. The reader is referred to Sarma (1998)
for more details about the frequency response of the CVA
and its actual measurement. In current CVA units, the cutoff frequency is of the order of 450 kHz.
In standard experimental situations, the fluctuation level
is assumed sufficiently small to invoke the “small-perturbation hypothesis” and all equations are linearized (Bailly
and Comte-Bellot 2015). Equation 1 then becomes:



drw′
R2 Vw
′
r
+
T
,
vs′ = − 
C
2 w
dt
R w + rL

(2)

which relates a small fluctuation of output voltage vs′ (t) to
a small fluctuation rw′ (t) in wire resistance. In Eq. 2, Rw
is the mean value of the wire resistance around which the
fluctuations appear. The minus sign on the right-hand side
of Eq. 2 reminds us that a decrease in Rw (i.e., a cooling of
the hot-wire generated through an increase in velocity, for
example) results in an increase in Vs, in accordance with
Eq. 1.
The fluctuation rw′ (t) of the wire resistance is related to a
fluctuation u′ (t) in the flow velocity or to a fluctuation θa′ (t)
in the ambient fluid temperature according to the usual
first-order approximation of a hot-wire filament:

rw′ + MCVA

drw′
= SU u′ + STa θa′ ,
dt

(3)

where MCVA is the hot-wire time constant in the CVA operation mode, SU the wire sensitivity to the flow velocity, and
STa its sensitivity to the mean fluid temperature Ta. Both
sensitivities relate to a wire operated at constant voltage
and semiempirical estimates of SU and STa are available in
Comte-Bellot (2007).
Following Bailly and Comte-Bellot (2015), we now
introduce an ideal hot-wire without any thermal lag. Its
∗ is denoted with a star to indicate an
electrical resistance Rw
ideal wire quantity. When connected to a CVA circuit, the
output voltage Vs∗ that would be measured with this ideal
wire reads:


R2
∗
,
Vs = Vw 1 + ∗
(4)
Rw + rL
since no hardware compensation is necessary for the ideal
∗ = R and
wire (i.e., TC = 0). Linearizing Eq. 4 using Rw
w
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Vs∗ = V s leads to an expression for the ideal fluctuating
voltage vs′∗:
vs′∗ = −

R2 Vw
r ′∗ ,
(Rw + rL )2 w

(5)

where the fluctuating resistance rw′∗ of the ideal wire is
related to that of the real wire rw′ and the fluctuations in the
flow by:

rw′∗ = rw′ + MCVA

drw′
= SU u′ + STa θa′ .
dt

(6)

Combining the first equality in Eq. 6 with Eq. 2, we
obtain:

vs′

R2 Vw

= −
2
R w + rL



rw′∗


drw′
+ (TC − MCVA )
.
dt

(7)

Comparing Eq. 5 with Eq. 7 demonstrates that the ideal fluctuating output voltage vs′∗ can be recovered from measurements
obtained with a real hot-wire when TC exactly matches MCVA.
Furthermore, in this case the fluctuating CVA, output voltage
will follow the flow fluctuations without any time lag.
In practice, since MCVA depends on the mean flow
quantities, TC rarely matches MCVA and a software correction is required to correct for the mismatch (Sarma et al.
1998). This requires an accurate determination of both TC
and MCVA. The software correction consists in defining a
corrected output voltage that takes into account the difference between the partial hardware correction from the
CVA circuit (TC ) and the hot-wire time constant (MCVA ).
This means that the corrected output voltage corresponds to
the case of a CVA circuit operated with an ideal wire, even
when TC � = MCVA.
In the frequency domain, using the same notations as
above, the correction is defined by:


1 + MCVA s
′∗
′
,
vs (s) = vs (s)
(8)
1 + TC s
where s is the Laplace variable. To see why the right-hand
side of Eq. 8 corresponds to the case of an ideal wire,
Eqs. 2 and 3 can be transformed in the frequency domain
and combined to give:



1 + TC s 
SU u′ (s) + STa θa′ (s) .
= −
2
1 + MCVA s
R w + rL
(9)
′∗
Introducing the software-corrected output voltage vs (s)
from Eq. 8 leads to:

R2 Vw 
′
′
vs′∗ (s) = − 
2 SU u (s) + STa θa (s)
R w + rL
R2 Vw
′∗
(10)
= −
2 rw (s).
R w + rL
vs′ (s)

R2 Vw
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Finally, comparing Eq. 10 with its time-domain equivalent
Eq. 5 proves that the software-corrected output voltage is
indeed equal to the fluctuating voltage of an ideal, thermallag-free, hot-wire.
Equations 1 and 7 illustrate the two main differences of
the CVA anemometer compared to the CTA anemometer.
First, the average hot-wire resistance Rw, and hence its temperature T w is free to change with a variation of mean flow
quantities. This is in direct contrast to the CTA, where Rw is
maintained constant by the feedback circuit. Second, from
a control perspective, the compensation for thermal inertia
occurs in series with the output, and not within the feedback system. This means that the user keeps the responsibility of the compensation, contrary to the CTA where the
compensation is automatically performed by the feedback
circuit and thus transparent to the user (assuming a correct
tuning of the dynamic parameters to obtain a satisfactory
frequency response). This also means that accurate values
of TC and MCVA need to be determined in addition to the
CVA output voltage Vs in order to implement Eq. 8. Finally,
we emphasize that the present treatment is restricted to
flow fluctuations of relatively low amplitude, in which case
the equations can be linearized. The case of large-amplitude fluctuations is treated in detail by Berson et al. (2009,
2010).

3 Proposed experimental procedure
The proposed experimental procedure consists in three
steps. First, the calibration of internal electronic elements,
which is performed only once, and whose purpose is to
determine the electronic parameters R2 and TC that are relevant for subsequent data processing. Second, a flow calibration, which consists in relating the average CVA output
voltage V s and the hot-wire time constant MCVA to average
flow parameters. Finally, a measurement of the time trace
Vs (t) in the turbulent flow of interest with subsequent data
processing to recover the true velocity trace U(t).
3.1 Calibration of internal elements
As explained in Sect. 2, in a CVA the average hot-wire
resistance Rw depends on the average flow parameters. It
is necessary to determine Rw’s numerical value in order to
estimate the wire overheat and to perform the flow calibration (see Sect. 3.2). The average wire resistance can be
obtained by time-averaging Eq. 1:


R2
V s = Vw 1 +
.
(11)
R w + rL
In Eq. 11, the unknown is Rw and the signal to be acquired
is V s · rL is a constant that can be measured prior to an
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Fig. 3  Sine-wave test setup for TC determination

Fig. 2  Electrical test to obtain R2 (see Eq. 12)

20

Thus, by plotting 1/Rtest as a function of Vs /Vw, a straight
line of slope 1/R2 is obtained.
Figure 2 shows an example of diagram obtained by
this procedure on a Tao Systems Model 4-600 CVA unit.
A series of precision resistors ranging from Rtest = 3  to
Rtest = 6  (i.e., typical values of the hot-wire resistance)
was used to generate the plot, while Vw was maintained
constant at Vw = 0.5 V. From the slope of the straight line
we obtain R2 = 115 . This value is then stored in the dataprocessing algorithm and enable the computation of Rw
from the measurement of V s and the use of Eq. 11.
In addition to R2, the exact value of TC is required for the
software correction procedure defined by Eq. 8. TC can be
determined by an electrical “sine-wave test,” as originally
proposed by Sarma (1998) for the measurement of the CVA
frequency response. The circuit described in Fig. 3 is used
to inject a fluctuating voltage in the hardware compensation
circuit. In this experiment, the hot-wire is not connected to
the circuit but is replaced by two fixed resistors of 1 and 5
, respectively.
As an example, a sinusoidal voltage of 0.3 V amplitude
and varying frequency was injected into the Model 4-600
CVA unit. This unit features two settings for the hardware
compensation: TC1 and TC2. The resulting Bode plots for
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Gain [dB]

15

experiment and Vw is a control parameter that is maintained
constant by the circuit. Typically, a value of Vw = 0.5 V
is convenient for a 5-μm wire in subsonic flows. R2 is an
electrical parameter that is constant for each CVA unit. Its
value is required to solve for Rw from the measurement of
V s.
The value of R2 can be obtained by a simple electrical
test consisting in connecting a series of precision resistors
Rtest in place of the hot-wire and recording the output voltage Vs when the wire voltage Vw is held constant. When
Rtest is used instead of Rw + rL, Eq. 11 is equivalent to:


1 Vs
1
=
−1 .
(12)
Rtest
R2 Vw

TC1
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10
5
0 1
10

10

2

3

10

4

10

f [Hz]

Fig. 4  Sine-wave test results: 3 dB line at 519 Hz for TC1 and 2175
Hz for TC2

both settings are presented in Fig. 4. As expected, the system behaves as a first-order, high-pass amplifier with 3 dB
cutoff values of TC1 = 306 µs (519 Hz) and TC2 = 73 µs
(2175 Hz), respectively. Repeated experiments on different
dates have demonstrated a standard deviation of approximately 0.5 % in the values of TC obtained by this method
(Sadeghi 2014).
To demonstrate the effectiveness of the procedure,
the fluctuating output voltage of the same CVA unit was
acquired in the shear layer bordering a turbulent jet (see
Sect. 4.2). Three settings of TC were used for this experiments: TC = TC1 , TC = TC2, and TC = 0. The power spectral density (PSD) of the signals measured with TC1 and TC2
were then reverse-corrected to a value of TC = 0 using the
TC values obtained from the sine-wave test (TC1 = 306 µs
and TC2 = 73 µs). If those values are correct, then the three
PSDs should overlap. Figure 5 shows that this is indeed the
case: the black curve was obtained from the TC = 0 signal,
while the red and blue curves correspond to the reverse-corrected PSDs obtained with the TC1 and TC2 settings, respectively. All three curves are superimposed in a wide range
of frequencies, which validates the results of the sine-wave
test. Note also that the constant PSD levels reached at high
frequencies represent the manifestation of electronic noise.
A lower noise floor is obtained when a time constant TC is
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leads to the definition of a calibration constant CAL that
can be written in terms of measurable quantities:
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Fig. 5  PSD of output voltages measured with TC = 0, TC1 (reversecorrected to a value of TC = 0) and TC2 (reverse-corrected to a value
of TC = 0)

operated, which illustrates the benefit of using an analog
amplification circuit in a hot-wire anemometer.
3.2 Flow calibration
Calibration of any type of hot-wire anemometer is required
in order to relate its output voltage to the flow velocity. In
the case of the CVA, a calibration is also required to obtain
the value of MCVA, which is needed for the software correction procedure (Eq. 8).
3.2.1 Velocity calibration
Different calibration laws have been proposed over the
years to relate the output voltage of hot-wire anemometers to the flow velocity. Most of them are based on a
modified version of King’s law (Bruun 1995), whereas
others are based on more general polynomial laws (Perry
1982). The general idea is to use a semiempirical relationship for the convective heat transfer generated by the
air flow, and to balance it with the Joule heating of the
hot-wire. In this work we use the heat transfer law by
Collis and Williams (1959), which is an improvement in
the basic King’s law.
The general formulation of Collis and Williams’ heat
transfer law reads:



Tf
Ta

−0.17

Nuw = A1 + B1 Renw ,

174

(13)

where Tf is the “film temperature” defined as
Tf = (Tw + Ta )/2, i.e., the average of the wire temperature Tw and the fluid temperature Ta ; Nuw and Rew are the
Nusselt and Reynolds numbers of the cylindrical hot-wire,
and A1 , B1, and n are constants. In Eq. 13, all flow parameters are evaluated at the film temperature Tf . Balancing the
Joule heating and the convective heat transfer of the wire



Tf
Ta

−0.17 

Vw2
Rw∗ (Rw∗ − Ra )



= A + BU n .

(14)

In Eq. 14, all quantities are supposed to be independent of time as they are acquired in a dedicated calibration
facility (free stream of a wind tunnel or potential core of
∗ = R since there is no need to coma jet). Therefore, Rw
w
pensate for the wire thermal inertia. This also means that
∗ can directly be obtained from the measurement of V
Rw
s
and the use of Eq. 11. In Eq. 14 Ra is the wire resistance
at the temperature Ta of the air. Ra is generally obtained
by measuring the air temperature with a dedicated sensor
and by assuming a linear relationship between temperature
and resistance, so that Ra = R0 (1 + χ0 (Ta − T0 )), where
R0 is the wire resistance at a reference temperature T0 and
χ0 is the temperature coefficient of resistance (typically,
χ0 ≃ 0.004 K −1 for tungsten wires). Alternatively, Ra can
also be obtained directly with the CVA circuit by quickly
changing the wire voltage Vw, as proposed by Sarma and
πl 
Comte-Bellot (2002).
Note also that A = A1 R0wχ0f and

πlw f ρf dw n
B = B1 R0 χ0 µf
, where f , ρf , and µf are the thermal
conductivity, density, and dynamic viscosity of the air at
the film temperature Tf , and where dw and lw are the diameter and length of the wire, respectively.
The main advantage of using the CAL variable is that it
takes into account any change of ambient temperature during an experiment since Ta enters its definition. Thus, once
Ta is measured independently with a temperature sensor, the
use of CAL automatically corrects for any temperature drift.
The calibration constants A and B can be obtained
from a linear regression of CAL as a function of U n. The
best value of n is chosen so as to minimize the residual
least-squares error. Typically, a value close to n ≃ 0.5 is
obtained. Figure 6 shows examples of calibration curves
obtained in the potential flow of a low-speed wind tunnel.
The same hot-wire (dw ≃ 5 µm and lw ≃ 1.2 mm) was calibrated sequentially with a Tao Systems Model 4-600 CVA
unit and a DISA 55M10 CTA unit. It is obvious that the
calibration curves are almost identical, which is expected
given that the CAL variable is only dependent on wire and
fluid parameters. The small residual difference might be
caused by a small uncertainty in Rw for the CTA circuit.
Indeed, for the case of the CTA, Rw is typically estimated
by assuming that the Wheatstone bridge is exactly balanced, which is not completely accurate (Weiss 2003).
3.2.2 MCVA calibration
The software correction defined by Eq. 8 requires the
measurement of the wire time constant MCVA. It is obtained
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Fig. 7  Electrical square-wave test to compute MCVA

by using the dedicated time constant measurement (TCM)
module of the CVA circuit. As illustrated in Sarma (1998),
the TCM module consists in an uncompensated (TC = 0)
CVA channel that injects an electrical square-wave signal
into the wire. The value of MCVA is obtained by processing
the resulting output voltage.
Figure 7 shows an example of signal obtained by connecting an Auspex Scientific, 5-µm hot-wire to the TCM
module of the Model 4-600 CVA unit at a velocity of 25
m/s in the potential flow of a wind tunnel (see Sect. 4.1).
The signal shows a rising edge followed by an exponential decay, in accordance with the first-order model typically assumed for cylindrical hot-wire filaments (Bailly and
Comte-Bellot 2015). The TCM module is designed so that
the exponential decay asymptotes toward 0 V. As described
in Fig. 7, the value of MCVA is readily obtained by the
distance between the signal’s maximum and the position
where it reaches 63 % of decay. Note that a sufficient sampling rate is required in order to digitally resolve the signal’s maximum: the data shown in Fig. 7 were obtained
with a sampling rate of 1 MHz, which will probably be

13

15

20

25

30

Fig. 8  MCVA values at different velocities, Vw = 0.5 V. Circles experimental values, dashed line Eq. 15 with mw cw /χ0 R0 selected to fit the
experimental data, solid line Eq. 15 with mw cw /χ0 R0 computed from
the nominal wire dimensions and material properties
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sufficient for most applications. In some cases, phase-averaging of several square-wave periods might be required in
order to smooth out fluctuations of the output voltage.
A semiempirical expression of MCVA, including the
effect of the lead cable, was derived by Comte-Bellot et al.
(2004). It reads:

4

-1
0

5
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Fig. 6  Example of velocity calibration curves for CVA and CTA
operation. The correlation coefficient of the linear least square fit
obtained for the CVA and the CTA is 0.99989 and 0.99987, respectively

0

0

1 mw cw
aw
(Rw + rL )2
× LM,
2
Vw χ0 R0
1 + 2aw

(15)

where aw = (Rw − Ra )/Rw is the wire overheat ratio, mw
and cw are, respectively, the mass and the specific heat of
the wire, and where LM is a correction factor that comes
from the connecting cable:

−1

rL
rL
1+
.
LM = 1 +
Ra (1 + aw )
Ra (1 + aw )(1 + 2aw )
(16)
Equation 15 shows that MCVA depends on the wire overheat ratio aw, which itself depends on the mean flow velocity when Vw is maintained constant. Thus, for a series of
measurements where the mean velocity varies (e.g., at different positions in a stationary turbulent flow), a different
value of MCVA needs to be used at each position. The recommended procedure is to measure MCVA for different values of U in parallel with the velocity calibration. This is presented in Fig. 8, which shows the value of MCVA, obtained
using the procedure illustrated in Fig. 7, for different velocities in the potential flow of a wind tunnel. The wire voltage was maintained constant at Vw = 0.5 V for these measurements. It can be seen that MCVA decreases from about
560 μs at U ≃ 2 m/s to about 320 μs at U = 30 m/s. Also
shown in the figure are the values obtained by using Eq. 15.
The dashed line was obtained by using an average value of
mw cw /χ0 R0 = 8 × 10−6 A2 selected to fit the experimental
data, whereas the solid line was computed from the nominal wire properties (tungsten wire, dw ≃ 5µm, and lw ≃ 1.2
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Fig. 9  Probability density function of MCVA measurements (700
square-wave samples taken at 25 m/s). Mean value: µMCVA = 338 µs,
standard deviation: σMCVA = 4.3 µs

mm). It is clear that the functional relationship described by
Eq. 15 accurately models the experimental data. The nominal wire dimensions, however, are not accurate enough to
enable a good estimation of MCVA. In practice, MCVA can
be obtained for any velocity by either interpolating through
the experimental data points in Fig. 8, or using Eq. 15 with
the value of mw cw /χ0 R0 obtained experimentally with a
few data points.
The variability in the measurement of MCVA was investigated by recording 700 square-wave responses at a constant
velocity of 25 m/s and automating the calculation of MCVA.
Figure 9 shows an estimate of the probability density function of the measured values, which demonstrates a standard
deviation of about 1.3 % in the potential flow of the wind
tunnel. This value will be used in a later section to estimate
the uncertainty associated with the time constant compensation procedure.
3.3 Turbulence measurements
Once all the steps above have been performed, the CVA
can be used for turbulence measurements. This is done
by selecting the same value of Vw that was chosen during
calibration and measuring a time trace of the output voltage Vs (t). To convert Vs (t) into U(t), the output voltage is
first split between its average value V s and its fluctuating
part vs′ (t). Then, the software correction (Eq. 8) is applied
to recover the fluctuating voltage of an ideal wire vs′∗ (t).
Adding the ideal fluctuating voltage vs′∗ (t) to the average
voltage V s = Vs∗ then gives the time trace of the ideal,
thermal-lag-free, output voltage Vs∗ (t), from which the ideal
∗ (t) can be obtained using Eq. 4. In a final step,
resistance Rw
∗
Rw (t) is injected into Eq. 14 to recover U(t). As mentioned
above, this procedure automatically compensates for temperature drifts between calibration and experiments.
The software correction (Eq. 8) can either be implemented in the frequency or in the temporal domain. In the

174

frequency domain, one can make use of the Fast Fourier
Transform algorithm by replacing the Laplace variable s by
2πjf , where f is the frequency and j is the imaginary unit.
Alternatively, one can use a discretization scheme to solve
the temporal equivalent of Eq. 8 in the time domain. For
example, Bailly and Comte-Bellot (2015) propose the following simple backward differencing scheme in terms of
the ith and (i − 1)th samples acquired at a sampling frequency fs:
vs′∗ (i) =



vs′ (i) + MCVA fs vs′ (i) − vs′ (i − 1) + TC fs vs′∗ (i − 1)
1 + TC fs

(17)

4 Comparative measurements with CVA and CTA
The procedure described in this article was validated by
performing turbulence measurements in two typical lowspeed flows: a zero-pressure-gradient (ZPG) turbulent
boundary layer and a turbulent jet. CVA measurements
were performed with the Tao Systems Model 4-600 CVA
unit described above and then compared to results obtained
with a DISA 55M10 CTA unit. In each flow, the two anemometers were operated sequentially with the same hotwire. The flow calibrations were respectively performed
in the potential flow above the boundary layer and in the
potential core of the jet. For both anemometers, the CAL
variable described by Eq. 14 was used to convert the output voltage to velocity. The cutoff frequency of the CTA
was adjusted to about 70 kHz in the free stream of the wind
tunnel using an electrical square-wave test. The actual frequency response was then verified using the method of
Weiss et al. (2001), which uses the normalized Fourier
transform of the square-wave response to compute the CTA
frequency response. The experiments reported in the present article were all performed with hot-wire filaments of
5 μm diameter. It is worth mentioning that Berson et al.
(2010) successfully used a smaller wire of 2.5 μm nominal
diameter, thereby demonstrating the usefulness of the CVA
with small-diameter wires.
4.1 Turbulent boundary layer
Measurements were performed in the test-section of the
TFT Boundary-Layer Wind Tunnel at École de technologie supérieure (Mohammed-Taifour et al. 2015). A
boundary-layer profile was measured on the test-section
centerline at a streamwise position 1.10 m downstream of
the test-section entrance, in a region of zero pressure gradient. The wind tunnel reference velocity was Uref = 25
m/s, which resulted in a momentum thickness Reynolds
number of Reθ ≃ 5000. At these flow conditions the 99 %
boundary-layer thickness is δ99 = 27.8 mm, the momentum
thickness is θ = 3.0 mm, the wall-friction coefficient is
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u+

cf = 3.1 × 10−3, and the friction velocity is uτ = 0.98 m/s
(Mohammed-Taifour et al. 2015).
An Auspex Scientific, single-normal hot-wire probe was
traversed vertically using an automated positioning system
having a relative accuracy of 0.5 μm. The wire voltage was
held constant at Vw = 0.5 V when the probe was used with
the CVA. On the other hand, the wire overheat was maintained constant at aw = 0.8 when the probe was used with
the CTA. The flow calibration curves obtained with both
systems were already presented in Fig. 6.
A logarithmic wall-law plot of u+ versus y+, where
u+ = U/uτ and y+ = yuτ /ν is presented in Fig. 10. There
is about a decade of linear region, which is typical for a
ZPG turbulent boundary layer at this Reynolds number (De
Graaff and Eaton 2000). It is obvious from the figure that
the results obtained with the CVA are comparable to those
obtained with the CTA.
Profiles of the normalized streamwise stresses
+
u′2 = u′2 /uτ2 are presented in Fig. 11. Here again, the data
obtained with the CVA is fully consistent with that obtained
+
with the CTA. The peak of u′2 observed in Fig. 11 is about
35 % lower than the value commonly accepted in the literature (De Graaff and Eaton 2000; Smits et al. 2011).
This difference is caused by the spatial averaging of the
signal which is dependent on sensor dimensions and independent of the type of anemometer. Ligrani and Bradshaw (1987) gave two criteria to ensure that the response
of the wire is not attenuated in the region y+ < 200: (1)
the length to diameter ratio lw /dw should be between 200
and 300 and (2) the length lw should be less than 20 times
the viscous length scale ν/uτ. In our case lw /dw = 240
and l+ = lw /(ν/uτ ) = 78. Given the large value of l+, the
+
attenuation in u′2 is not surprising.
The power spectral densities (PSD) of the fluctuating
velocity at a position y+ = 114 are presented in Figs. 12
and 13 on a log–log and a linear scale, respectively. The
signals were acquired during 30 s with a sampling frequency of 204.8 kHz. The PSDs were calculated using
Welch’s modified periodogram method with 128 windows, 50 % overlap, and a Hamming window (Bendat and
Piersol 2010). This resulted in a frequency resolution of
4.26 Hz. The effect of the software correction can clearly
be observed in Fig. 12. The raw CVA curves (i.e., without
software correction: green and pink lines) are lower than
the CTA curve for f > 200 Hz. On the other hand, applying the software correction to the signals restores their
energy (blue and red lines) so that all PSDs match well in
the complete frequency range. Furthermore, Fig. 12 shows
that the TC1 raw-signal (green line) is only slightly undercompensated, whereas the TC2 raw-signal (pink line) is
largely under-compensated. This is consistent with the values of MCVA = 378 µs (421 Hz), TC1 = 306 µs (519 Hz),
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Fig. 10  Logarithmic wall-law plot in ZPG boundary layer, κ = 0.41
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Fig. 11  Profiles of normalized streamwise stresses in a ZPG boundary layer
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and TC2 = 73 µs (2175 Hz). The PSDs obtained with both
CVA-compensated and CTA are well superimposed in the
complete frequency range, indicating that the CVA frequency compensation method (Eq. 8) is valid. The correspondence of the software-corrected CVA spectra with the
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SNR signal-to-noise ratio

CTA spectrum can also be clearly observed in the premultipied PSDs of Fig. 13.
Figure 14 shows a magnified view of the PSDs at very
high frequencies. The CVA spectrum shows a typical f 2
rise, which is indicative of the electronic noise in the system (Weiss and Comte-Bellot 2004). This f 2 rise would
also be observed in the CTA spectrum if its frequency rolloff occured at a higher value (Freymuth and Fingerson
1997). However, because of the frequency roll-off, only
a small “kink” in the CTA PSD can be observed. Three
conclusions can be reached from Fig. 14. First, the f 2 rise
occurs almost exactly at the same frequency for both CVA
and CTA (f ≃ 43 kHz), which indicates a similar level of
signal-to-noise ratio (SNR) for both systems. At this position in the boundary layer (y+ = 114), the signal is dominated by electronic noise for frequencies above 43 kHz,
regardless of the type of anemometer. Second, the CTA
bandwidth is just enough to reach the electronic noise limit
in this flow configuration. The roll-off at y+ = 114 appears
to occur at a frequency lower than the 70 kHz measured in
the free stream because of the reduced mean velocity. And
finally, the CTA spectrum is slightly lower than the CVA
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Fig. 16  Profile of skewness factor u′3 /(u′2 )3/2

spectrum above 20 kHz, whereas both spectra are perfectly
superimposed at lower frequencies. This illustrates the difficulty in obtaining a perfectly flat frequency response with
a CTA at frequencies close to its cutoff (e.g., Weiss et al.
2013; Hutchins et al. 2015).
Finally, Fig. 15 shows the probability density function
(PDF) of the velocity fluctuations at y+ = 114, and Fig. 16
shows the profile of the skewness factor u′3 /(u′2 )3/2 across
the boundary layer. Here also, the agreement between CVA
and CTA is excellent. In Fig. 16 the large negative peak
which appears at y+ ≃ 2000 corresponds to the free edge
of the boundary layer where intense bursts of negative u′ (t)
are issued from the inner part of the boundary layer (Bailly
and Comte-Bellot 2015).
4.2 Turbulent jet
Further comparative measurements between CVA and CTA
were performed in a turbulent jet facility at Polytechnique
Montréal (Sadeghi 2014). The nominal velocity at the nozzle exit (diameter D = 3.4 cm) was Uref = 20 m/s. Mean
velocity and longitudinal velocity fluctuations were measured in the self-similar region of the jet at x/D = 12 with a
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DANTEC 55P11 single-normal probe. No effort was spent
to accurately characterize the flow structure since only a
comparison between CVA and CTA operation of the hotwire was of interest.
Figures 17 and 18 show radial profiles of the mean,
respectively RMS, longitudinal velocity. The values
obtained with the CVA and the CTA compare very well in
both figures. The effect of the software correction (Eq. 8)
on the RMS is illustrated in Fig. 18. Without software correction, the RMS of the uncompensated CVA signal is
lower than that of the CTA signal. The difference is larger
for the lower (TC2 ) value of the hardware compensation
setting. This is expected since a lower value of the hardware compensation setting implies a wider uncompensated
bandwidth between the hot-wire’s (low-pass) cutoff and the
amplifier’s (high-pass) cutoff. As a reminder, in this configuration MCVA = 394 µs (403 Hz), TC1 = 306 µs (519 Hz),
and TC2 = 73 µs (2175 Hz).
Figure 19 gives further insight into the comparison of
the fluctuating longitudinal velocity measured with both
′
anemometers by showing the ratio of urms
measured with
CTA and CVA. The ratio is essentially equal to one up to
r/R ≃ 3, above which the CTA results become slightly
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Fig. 19  Ratio of urms
measured with CTA and CVA

Fig. 17  Mean velocity profile at x/D = 12 in a round jet

2

1.15

larger than the CVA results. This small mismatch at large
r / R is most likely caused by nonlinear effects linked to the
very large turbulence level at these large distances from the
jet centerline. Technically, a full nonlinear treatment like
the one proposed by Berson et al. (2009) would be required
to correct the CVA measurements. On the other hand, as
demonstrated by Hussein et al. (1994), it is doubtful that a
stationary hot-wire will provide reasonable results at such
large r / R anyway, because of cross-flow and rectification
errors. Therefore, no further effort was spent investigating
this behavior.
Finally, Figs. 20 and 21 show a comparison of the premultiplied spectra at r/R = 1 and r/R = 3, respectively.
′ /U = 30 %
For r/R = 1 the fluctuation level is about urms
′ /U = 55 %. Despite these
and for r/R = 3 it is about urms
large turbulence levels, it is obvious that the agreement
between CTA and CVA is excellent.
4.3 Practical considerations
The results presented in Sects. 4.1 and 4.2 have shown a
very good agreement between the CVA and the more common CTA, which is currently the reference for practitioners
of thermal anemometry. To complete the comparison, we
now discuss the difference in effort required to obtain the
turbulence data and in the uncertainty of the results.
The velocity calibration is essentially the same for
both systems but the procedure used to ensure a flat frequency response is different. A CVA user has to perform
a frequency compensation for each value of the mean flow
velocity, whereas a CTA-user has to ensure that the cutoff
frequency is high enough for the speed range of interest. In
the case of the CVA, this implies that TC and MCVA must be
experimentally determined, while in the case of a CTA, this
implies that the circuit is properly tuned at the highest flow
velocity to ensure circuit stability as the flow speed is varied. While the measurement of TC is done only once (it is a
constant in the CVA circuit), MCVA needs to be determined
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at the start of a measurement campaign since it depends on
sensor and flow conditions. We recommend to obtain MCVA
in parallel with the velocity calibration of the flow (e.g.,
Fig. 8). Thus, the production of the required data can be
seen as an additional effort compared to CTA usage. On the
other hand, the procedure can easily be automated and is
not especially time consuming.
When a CTA is used to measure flow fluctuations at frequencies relatively close to its cutoff, the feedback circuit
has to be carefully tuned at each mean velocity to ensure
a flat frequency response at all conditions. This is because
the transfer function of a CTA depends on the flow conditions, which means that only tuning the circuit at the
highest mean velocity might produce an unsatisfactory frequency response as the velocity is diminished. A frequent
tuning of the CTA circuit is at least as time consuming as
the measurement of MCVA. Therefore, when velocity fluctuations with high frequency content are measured, we
believe that the use of a CVA versus a CTA does not imply
any additional effort. It is also worth mentioning that in

174

some cases a perfect tuning of the CTA cannot be obtained
with the available circuit parameters, which limits the
frequency response of the system. For example, Hutchins et al. (2015) recently suggested that the frequency
response of under- or over-damped CTA systems can only
be considered approximately flat up to 5–7 kHz. Also, contrary to the CTA, the dynamic behavior of the CVA does
not depend on the length of the hot-wire cable.
We now turn our attention to the difference in the uncertainty of the results for CVA and CTA. Again, the velocity
calibration procedure for both systems is essentially the
same. This means that the uncertainties in mean velocity
are similar for CVA and CTA and depend on the uncertainties of the data acquisition procedure, the velocity reference, and possible hot-wire drift. In terms of velocity
fluctuations, however, the two systems work differently.
In a CTA the velocity fluctuation is directly obtained from
the measured fluctuating output voltage that is processed
by the calibration curve. In a CVA the velocity fluctuation
is obtained from the corrected fluctuating voltage vs′∗ (t),
which itself depends on the measured output voltage vs′ (t)
and on both TC and MCVA (see Eq. 8). The uncertainties in
TC and MCVA therefore represent an additional uncertainty
component compared to the CTA (assuming, again, that
the CTA is perfectly tuned, which is not necessarily the
case).
A conservative estimate of the influence of uncertainties TC and MCVA in TC and MCVA can be obtained
by considering Eq. 8 in the limit of high frequencies. For f ≫ 1/2πMCVA and f ≫ 1/2πTC, we have
vs′∗ (t) ≃ (MCVA /TC )vs′ (t). The uncertainty �vs′∗ (t) in the
corrected output voltage is therefore:



vs′∗
vs′∗

2

=



vs′
vs′

2

+



MCVA
MCVA

2

+



TC
TC

2

(18)

Thus, the relative uncertainty in vs′∗ is simply the rootsum-square of the relative uncertainties in the measured
output voltage vs′ and in the time constants TC and MCVA.
Based on the repeatability studies described in Sect. 3, we
estimate �TC /TC ≃ ±1 % and �MCVA /MCVA ≃ ±2.6 %
at the 95 % confidence level. This means that the CVA
introduces a total additional uncertainty of less than ±3 %
in the fluctuating output voltage. This uncertainty then
propagates into the value of the fluctuating velocity u′ (t). It
should be noted, however, that this value is a conservative
estimate that will only be realistic when most of the signal’s energy is present at high frequency (i.e., for frequencies above 1/2πMCVA and 1/2πTC). For the data presented
in Figs. 13 and 20, most of the energy is actually observed
at frequencies lower than 1/2πMCVA. Processing this particular turbulence data with values of TC and MCVA selected
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so that �TC /TC = ±1 % and �MCVA /MCVA = ±2.6 %, we
′ /u′
obtain a �urms
rms of the order of ±1.5 %.

5 Conclusion
The method described in this article permits accurate
measurements of turbulent fluctuations using a CVA. The
method consists in three steps: (1) the calibration of internal elements, required to fit the actual circuit electronics to
a simplified model involving only two electrical parameters; (2) a flow calibration to relate the average CVA output
and the hot-wire time constant to average flow parameters;
and (3) a specific data-processing algorithm to compute the
fluctuating flow properties from the measured fluctuating
output voltage. The method was validated by comparing
its results with those of a research-grade CTA in two separate low-speed turbulent flows. In both flows (a turbulent
boundary layer and a turbulent jet), the CVA results were
shown to be essentially indistinguishable from the CTA
results.
In terms of experimental procedure, the main difference
between CVA and CTA is the necessity to accurately measure the hot-wire time constant MCVA when using a CVA.
In contrast, the frequency compensation is automatic in
the CTA, provided that the circuit is properly tuned using
a square-wave test and that the achieved bandwidth is sufficient. The pros and cons of both systems in terms of effort
required and uncertainties were discussed. In the authors’
opinion, the principal advantages of the CVA compared to
current CTA systems are its stability, its higher bandwidth,
its well-behaved frequency response at high frequencies,
and its limited sensitivity to cable length. We hope that our
proposed procedure will help other researchers use CVA
units in either low-speed or high-speed flows.
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