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Software compensation. correction for thermal lag of a hot wire in the application of a constant
voltage anemometer (CVA) for turbulence measurements in the boundary layer of a supersonic
wind tunnel has been demonstrated. The CVA was used with a fixed compensation setting while
measuring the in situ thermal lag (time constant) of the hot wire. Using the measured time constant,
corrections are applied to the fixed compensation output of the CVA in postprocessing of the data.
To demonstrate the flexibility of the approach it was used for two compensation settings at a test
point to obtain the same results from both settings. A unique advantage of this approach is shown
to be that for a given compensation setting in the CVA the bandwidth of the measurements for the
test remains constant for all of the different test conditions and yields higher productivity. The
results of the turbulence levels measured with this method agree with earlier research using other
anemometers. Spectral plots of the mass flux and temperature and the measured in sifu time constant
responses under different conditions of the hot wire have been presented. © 1998 American
Institute of Physics. [S0034-6748(98)05209-5]

. INTRODUCTION studies are lower electromagnetic interference noise in CVA
compared to the other anemometers, very small variation of
the bandwidth from changes with the hot wire overheat and
Reynolds number, and tolerance of larger cable lengths with-
out affecting the bandwidth. One of the most important as-
pects of the CVA operation is the appropriate compensation
for the thermal inertia of the hot wire (which manifests as a
first-order time constant) to extend the bandwidth of the
CVA. It is shown in the present article that with the CVA it
is possible to set a fixed hardware compensation for the time
constant (TC), measure the in situ time constant of the wire,
and apply the necessary correction to the fixed compensation
setting for the actual measured time constant (through soft-
ware processing) to obtain accurate results. This approach is
possible with the CVA because of its well-defined circuit
behavior without any influence of the external hot wire cable
capacitance. Productivity of the measurements is also en-
hanced with this method. In the following sections the appli-
cation of this method for turbulence measurements in the
boundary layer of a supersonic wind tunnel is presented.
The CVA circuit was analyzed by Sarma in terms of its
transfer function in Ref. 10 where a method of measuring the
in situ TC of the hot wire under constant voltage (CV) op-
eration was also described. To demonstrate the versatility of
the method, two fixed compensation settings (0.2 and 0.4
ms) were used for taking data at the same point in addition to

The constant temperature anemometer (CTA) and the
constant current anemometer (CCA) have been traditionally
used with hot wires for the study of turbulent flows. Several
studies have been successfully conducted with them making
important contributions in the understanding of turbulent
flows. In recent years the patented' constant voltage an-
emometer (CVA) is also emerging as a good alternative tool
for applications in fluid dynamics. Several experimental
studies have been conducted with the CVA in boundary layer
transition in hypersonic flows>™* at NASA Langley Research
Center. A very good comparative study of the CTA and
CVA was also carried out with experiments in a probe cali-
bration wind tunnel.’ The frequency response of the CVA
and CTA were also studied using laser radiative heating of
the hot wire in an air jet.° Analysis relating the sensitivity
coefficients of the three anemometers (CTA, CCA, and
CVA) and the time constants relationship of the CVA and
CCA was recently presented by Comte-Bellot.” In addition,
the CVA was successfully used with hot films to detect the
incidence of the transonic shock in flight on an F-15B
aircraft.® CVA had also been used in under water application
with hot films to detect transition and flow bifurcation re-
gions on a hydrofoil.” Some of the features noticed in these

“Electronic mail: sarma@taosystem.com

YE]ectronic mail: gcb@selene.mecaflu.ec-lyon.fr
“Electronic mail: faure @iris6.lemfi.u-psud.fr

0034-6748/98/69(9)/3223/9/$15.00 3223

three overheat settings. The output voltage at each test point
was then corrected through software in the postprocessing of
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the data with the in situ measured TC of the hot wire. In the
experiments reported here TC was measured with quick
manual adjustments on a digital scope and data was postpro-
cessed to calculate the TC. This adjustment has since been
fully automated in the CVA, thus eliminating all manual ad-
justments during the entire experimental process, a feature
particularly useful for blow-down tunnels. It is also shown
that this procedure assures a constant bandwidth for all the
tests with a particular hardware compensation setting. The
processed voltage perturbations from the CVA were con-
verted to mass flux and temperature components using the
sensitivity expressions derived by Comte-Bellot in Ref. 7.

Il. HARDWARE DESIGN
A. Hot wire time constant

The dynamic behavior of the hot wire can be described
through a differential equation:

dr

Meya = +r=ai+bu, (1)
| dt
where M ¢y, is the TC of the hot wire under CV operation, r
is the perturbation in the hot wire resistance, i and u are the
perturbations in the hot wire current and flow velocity, re-
spectively, and a and b are calibration constants. With u
=0, Mcya can be determined from the first-order response
due to a step change in the hot wire current. Typical aver-
aged responses from the measurement of the TC in the su-
personic tunnel for a 2.5 and 5 um hot wires are shown in
Figs. 1(a) and 1(b), respectively. Numerical values of the
My, with various V,, values obtained at y/d=1.5 at
Ma,=?2 are shown in Fig. 2. Values of the time constants
M cp under constant current (CC) operation measured by
Arzoumanian and Debieve!! (Ma,,=2.3) are also presented
for quick comparison. It can be seen that while the hot wire
TC increases with overheat under CC operation, it has quite
the opposite effect under CV operation, just as predicted by
Frf:ymuth12 and in Ref. 7. The convergence of the TC values
at higher overheats is apparent in Fig. 2. Also in Fig. 2,
experimental data from the TC measurements in a low-speed
tunnel on a 5 wm hot wire with variations in hot wire over-
heat and its Reynolds number are shown. Figure 2 shows that
the TC under the CV operation also converges to a constant
value with higher Reynolds (Re) numbers of the wire. Such a
convergence to a constant value with the Reynolds number
has been shown to be theoretically possible in an earlier
study.!® The convergence of the TC to a constant value with
higher Reynolds numbers and also with overheats (unlike
CCA) of the wire will offer an immediate advantage of the
CVA. There may be certain engineering applications in fluid
mechanics involving measurements only above certain hot
wire Reynolds numbers and overheat values, where it will
thus be possible to use only a fixed compensation for the TC
with a judicious a priori choice of the value. Thus, adjust-
ments for each test point are eliminated for that application.
The reduction of the hot wire TC under CV operation rela-
tive to the CC operation makes the CVA operate with a
smaller ac gain from the compensation circuit than the CCA
for the same bandwidth.
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FIG. 1. (a) Averaged step response of a 2.5 um hot wire with overheat
a,,=0.5 at y/6=1.5 at Ma,,=2.0. (b) Averaged step response of a 5 um
hot wire with overheat a,,=0.6 at y/8§=1.5 at Ma.,=2.0. (c) Typical out-
put from TC measurement unit of the CVA with a 5 um wire with an
overheat a@,,=0.5 at y/6=1.5 at Ma,,,=2.0.

B. Compensated CVA

A compensated CVA circuit is shown in Fig. 3. The
transfer function of the circuit as derived by Sarma in Ref. 10
is repeated below:

€cvAa
(5
(Ry/R,)I, (1+T.s)
~ s* (1/T.+R,/Rp27f,) (1+Meyas)
wn wn

2)
where ecy, and u are the perturbations in CVA output and
input velocity, respectively. R,=R,+R;, and Rp are com-
ponents shown in Fig. 3 and R, is the hot wire resistance. I,,
is the mean hot wire current at the operating point that sets
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FIG. 2. Measured time constants of the hot wires at different overheat
values (a,,).

the overheat of the hot wire and s is the Laplace operator. f,
is the gain bandwidth product of the operational amplifier
used 'in the CVA and b’ is the calibration constant of the
CVA and the hot wire. The other constant related to the
circuit is T, the hardware time constant compensation set-
ting, given by
CR.R,

e RZ 4
w, and { are defined in the next section.

The prototype CVA used in the present experiment is
equipped with a variable compensation setting in 72 overlap-
ping ranges covering a TC range of 0.1-0.6 ms, and one way
to conduct the test is to measure in situ My, and select the
matching T, in the CVA, thus canceling the pole with the
zero in Eq. (2). However, the procedure for such a cancella-
tion involves taking the hot wire M ¢y, data, calculating the
Mcya at that point from the averaged data samples and
manually setting the matching 7', in the CVA. This process
will impede the productivity of the test. With the complete
postprocessing approach described in the next section, high
productivity particularly attractive for blow-down tunnels
can be assured with the CVA.

A possible test sequence with the CVA for higher pro-
ductivity testing is formulated with the following steps:

©)

(1) Position the hot wire in the desired location in the wind
tunnel.
(2) Turn on the flow.

Re Vw Ra Rp

Rw c
R4

Vbc

Vs

FIG. 3. Compensated CVA circuit.
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FIG. 4. Response curves due to the mismatch of the time constants.

(3) Adjust the desired overheat (remote adjustment and
monitoring of the overheat is possible with the CVA).

(4) With the hot wire in the TC measurement mode of the
CVA, obtain the My, data for about 3 s.

(5) Switch the hot wire to the turbulence measurement mode
in the CVA (with a fixed compensation) from the TC
measurement mode and take data for the desired dura-
tion.

lll. POSTPROCESSING
A. Time constant calculation

The data obtained under step (4) in the previous section
will be a series of first-order response pulses similar to those
shown in Fig. 1(c). The average of such a series of pulses are
shown in Figs. 1(a) and 1(b) for a 2.5 and 5 um hot wires,
respectively. The My, of the hot wire is calculated as the
time it takes the amplitude to reach 63% of the final value
from the initial value. Measured values of the time constants
(My,) in the present experiment are shown in Fig. 2.

B. Software correction and constant bandwidth
operation

The data from CVA could be collected by using a fixed
T, setting, while also collecting the My, data at each test
point without actually matching them at the time of the test.
Figure 4 shows typical outputs that would arise due to mis-
match of the T, and M ¢y, . In postprocessing, M ¢y, is com-
puted from the acquired TC measurement data and correc-
tion can be applied to the set 7,. The CVA output voltage is
modified by the following equation:

1 +MCVAS

1+T.s | “)

€.=é€cva

where, ecy, is the acquired CVA output and e, is the cor-
rected output of the CVA. It is seen that Eq. (4) cancels the
fixed compensation setting 7. used in the CVA and applies
the correct compensation value from the measured Mcyy ,
thereby canceling the denominator term with the numerator
term in Eq. (2). The bracketed expression in Eq. (4) is imple-
mented with software and applied to the sampled analog
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voltages from the CVA output. The CVA without any hard-
ware compensation (full software compensation) is not a
good approach since the signal levels from such a system
would be low, even though its bandwidth could be several
times larger than a hardware compensated CVA. The limit-
ing case for the bracketed expression in Eq. (4) is
(Mcya/T,), and is independent of frequency.

When the pole due to the hot wire time constant is can-
celed by the zero due to the compensating circuit (Mcya
=T,) the transfer function in Eq. (2) shows that the CVA
will now be a simple second-order system as given below:

Bﬁ _ (R 2/ R w)I w x

7 = s w2+ [(1/T,+ R,/Rp 27f ) 02] s+1  ~

©)
In Ref. 10, it was shown that the natural frequency w, and
the damping ratio { of the above transfer function are given
by

R, 27/, [ R,
-2y — +__
and
1 Ry
W .
£=3 R, 27f, 1+R2 ’ )
R, T, Rp

where R,,, R, are as shown in Fig. 3. The bandwidth (BW)
of such a system can be estimated from the following equa-
tion:

BW=w,V(1-222)+ 4 —472+2. (8)

In the above equations [Egs. (6), (7) and (8)], for a given
design, the only variables that could influence the BW are
R,, and T, and the BW is independent of the cable capaci-
tance. Even so, with the software compensation approach, 7',
is also held constant, leaving only one variable R,, that may
have any effect on the BW at all. Variable R,, means variable
overheat. In Ref. 5 it was experimentally established that in
the CVA, the BW does not change with overheat, which was
theoretically substantiated in Ref. 10. As shown in Ref. 10,
an increase in R,, increases both w, and { to make Eq. (8)
fairly constant. A lower T, would, of course, give a larger
BW. In the present experiments, two compensation settings
at 0.2 and 0.4 ms were used, giving 230 and 120 kHz band-
widths, respectively. It may appear attractive to select a
lower compensation setting for T, to increase the bandwidth,
but unless it is warranted by the test requirements such a
selection of a larger bandwidth may also increase the system
noise. The biggest advantage with this method is, therefore,
that the bandwidth remains constant for the test with higher
productivity.

IV. WIND TUNNEL TESTING AND DATA PROCESSING

Turbulence measurements were made in the Mach 2
blow-down tunnel of the CEAT in Poitiers (France). The
conditions at the upstream of the sonic throat are typically
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285 K and 9.5X 10* Pa. The turbulent boundary layer on the
flat floor of the 150 mm X150 mm test section was used for
the test. At the downstream location of the measurements the
boundary layer thickness § was 15.7 mm, and the mean and
turbulence characteristics have been fully documented by
Dury.14 In the present study, most of the turbulence measure-
ments were made at a wall distance y corresponding to y/ &
=0.64. A few additional measurements were also taken at
y/6=0.32. A 0.5 mm length, 2.5 um diam tungsten hot wire
with a cold resistance R,=6 () was used. The cable resis-
tance was =0.9 () and this value was taken into account to
obtain Rc, (cold resistance of the wire placed in the flow),
R,, (heated wire resistance), and the associated overheat ratio
a,,=(R,,—Rc,)/Rc,. Three overheat ratios, i.e., 0.30, 0.45,
and 0.62 were generally used. All the turbulence signals
were recorded with a sampling rate of 10° samples/s for
about 0.25 s using a 16 bit analog-to-digital converter and
stored in binary format in a workstation. They were later
converted to ASCII format for analysis. Data were processed
in terms of 4096 points and 29 such samples were averaged
for the final results. The M ¢y, values were measured in situ
outside the boundary layer at y/ 6= 1.5 where the free stream
turbulence was about 1%. The time constant values remained
fairly constant throughout the external part of the boundary
layer because the wire Re remained fairly large for y/&
=(.32 to 1.5 with the wire Re in the range 13.5-19, respec-
tively. The measured My, values in this tunnel at three
overheats (a,) have been already shown in Fig. 2. They
range from 0.103 ms at an overheat of 0.30-0.096 ms at an
overheat of 0.45 and 0.093 ms at an overheat of 0.62. Spu-
rious low-frequency unsteady flow was inherent in the super-
sonic flow in the wind tunnel generated by a downstream
ejector powered by a 110-160 bar air supply. These low-
frequency signals were filtered out by using a high-pass (hp)
filter with a 3 kHz cutoff. This hp filtering was also imple-
mented by Dury'* who has extensively studied the tunnel
performance and found that the filtering did not affect the
turbulence levels. As a check, the integral length scales L
were calculated from the spectra and are found to be within
the correct range L/ §=0.2—0.3, agreeing with previous data,
e.g., Smits and Dussauge.l5 Unless otherwise identified, the
data collected with 7,=0.2ms for which that prototype
CVA had a 230 kHz bandwidth, were filtered with a low-
pass (Ip) filter with a cutoff at 120 kHz, making it equal to
the bandwidth obtained with the T,=0.4 ms setting of the
CVA. (The CVA has since been improved to have over 300
kHz at T,=0.2 ms.) This low-pass filtering also brought the
CVA bandwidth closer to the CTA bandwidth used for com-
parison at the point at y/5=0.32.

V. RESULTS

A. Effect of a small change in M.y, at a compensation
setting T,

With the CVA compensation TC set at 7.=0.2 ms, the
power spectral density (psd) plots were calculated for
M ya=0.095, 0.100, and 0.105 ms, a 5% change on either

side of a nominal value 0.100 ms at an overheat of 0.62. The
5% change in M vy, is larger than the £2% estimated maxi-
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FIG. 5. (a) Response changes in F(f) due to variations in Mcy, . (b) Re-
sponse changes in fF(f) due to variations in Mcy, -

mum error in the TC measurement process. The (e'/E) psd
curves so obtained are plotted as F(f) in Fig. 5(a). It can be
seen that all three curves are close to each other with an error
of =£4% in the rms values of the fluctuating voltage. A more
physically meaningful and more stringent comparison would
be to invoke the definition:

€

12 &
= [ ©

from which we can obtain:

e’z_ @ df_ ®
=m0 F= | rann . (10)

Hence, if we plot fF(f) on the Y axis and In f on the X axis,
we can have linear scales for both. This plot is shown in Fig.
5(b). By simple visual inspection alone, significant features
of the signals will be apparent, like the most energetic fre-
quency range of the turbulent signal and the absolute differ-
ences in different spectra.

B. Comparison of two compensation settings

One important consideration for the software correction
should be its adaptability to apply to any reasonable compen-
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FIG. 6. (a) Response from two compensation settings in F(f) at a,,
=0.62. (b) Response from two compensation settings in fF(f) at a,,
=0.62.

sation setting. That is, if a CVA with only one fixed com-
pensation setting (7'.) can be used for a wide range of mea-
surements, then the hardware design becomes simple and a
specified bandwidth can be assured. To study such a case,
data from two T, settings (0.2 and 0.4 ms) at an overheat of
0.62 was processed for psd with the software correction of
the actual measured M -y,=0.093 ms. For the 0.2 ms set-
ting, a 120 kHz Ip filter (Ipf) was again used. The corre-
sponding plots are shown in Figs. 6(a) and 6(b). From the
legend on the graph and the plots, it can be seen that there is
good agreement between the two data sets (7.), indicating
that indeed the software correction is accurate. The peaks
around 150 and 250 kHz are due to strain gauging of the hot
wire similar to that explained by Smits and Dussauge.'® Due
to the bandwidth limit of the 0.4 ms setting, the strain gauge
peaks are less visible for that case. The 120 kHz lp filter used
with the 0.2 ms setting to take its bandwidth closer to the 0.4
ms setting, also leads to a reduction in the strain gauging
peaks in the former setting. This filtering does not affect the
kinetic-energy content of the turbulence. Kistler'® has shown
that supersonic turbulence spectra encompass energetic eddy
sizes down to one-fourth of the boundary layer thickness,
(fmax®4)/U=1. In the present case, the above condition
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FIG. 7. (a) Response changes in F(f) due to T, changes at a,,=0.45. (b)
Response changes in fF(f) due to T, changes at a,=0.45.

gives a fo,,=100 kHz, so that the 120 kHz Ip filter of the
data should be acceptable. Again, the agreement between the
two compensation settings shown in Figs. 6(a) and 6(b) is an
indication of the versatility of the CVA setup and software
compensation method. Figures 7(a) and 7(b) show results
similar to Fig. 6, except now it is with an overheat of 0.45.

. Comparison of CVA and CTA spectra

A Dantec CTA (M5012) was used to collect the turbu-
lence data with the frequency response adjusted with a gain
setting of 4, high-pass filter 2. The maximum bandwidth with
such a setting was specified as 100 kHz. The data were col-
lected with the wire located at y/ 8=0.32 with an overheat of

TABLE I. Summary of CVA test conditions and results.
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FIG. 8. (a) F(f) Spectra of CVA and CTA normalized with their mean-
square output voltages. (b) fF(f) responses in CVA and CTA normalized
with their mean-square output voltages.

0.60. The mean and rms voltages of the CTA are 2.21 and
0.065 V, respectively. With the same overheat setting, data
were also collected at the same point with the CVA with
T.=0.2ms, cf. Table L. Psd plots from both are shown in
Figs. 8(a) and 8(b). The anemometer psds were normalized
with their respective mean-square outputs. Very distinct
peaks at 150 and 250 kHz due to the aforementioned strain
gauging effect are observed in the CVA but not as much in
the CTA. Figure 8(b) shows broader energy levels in the
CVA than the CTA because of the larger bandwidth in the
CVA even with the Ip filter. From Fig. 8(b) ‘it can be seen
that energy contributions below 5 kHz are insignificant. In
the most energetic part of the spectrum (5-100 kHz) the

T, Meya E Rms e’ S T I
ylé a, ms ms \% V (* no Ipf) Skewness Flatness Intermittency
0.64 0.30 0.20 0.103 3.28 0.0346 —0.64 4.19 0.847
045 0.20 0.096 429 0.0420 —0.44 4.09 0.88
0.45 0.40 0.096 4.29 0.0389" -0.59 3.92 0.91
0.62 0.20 0.093 4.66 0.0463 —0.43 3.73 0.899
0.62 0.40 0.093 4.66 0.0450* —0.426 3.14 0.94
0.093 4.08 0.0540 0.218 8.9 0.92

0.32 0.60 0.20
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response from both the anemometers is very similar. The
differences below 5 kHz are attributed to remnants of wind
tunnel unsteadiness.

D. Skewness, flatness, and intermittency factors from
CVA

Table I summarizes the various test points using the
CVA in the present experiments in the supersonic tunnel. It
also presents the rms output voltage, the skewness, the flat-
ness factors, and the intermittency factors at each test run.
Results show that the majority of cases have a negative
skewness factor around —0.4, which agrees with the results
obtained by Dury'* in the same tunnel. The negative skew-
ness suggests negative spikes in the turbulent signal. The
intermittency factor with a 10 mV threshold is between 0.84
and 0.94.

E. Mass flux and temperature characteristics of the
turbulence

/" A hot wire responds to both mass flux and total tempera-
ture fluctuations in the turbulence with relative sen51t1v1ty
depending upon the overheat of the wire, cf. Kovasznay.!”
For small perturbations in mass flux pu and temperature 6,
we can write the wire response using the wire sensitivity
coefficients S,‘},Y A and SSXVA as

¢ gon @ o "

E Pt pU % @,

In principle, values of the sensitivity coefficients could be
evaluated through the calibration of the hot wire. Fortu-
nately, however, because of knowledge of the CCA and CTA
systems, the sensitivity coefficients of the CVA can be
evaluated knowing the CVA setup fairly well, cf.
Comte-Bellot.” These can be expressed as (from Ref. 7):
SCVA_ gCTA

2a,
(1—+2a—)} with §54=0.25 (12)

and

SCVA SCCA

with S‘;fAz 1. (13)

(1+2a W)}

In the above expressions for the CVA, the advantage that
SCTA and SCCA are nearly constant with a,, is utilized. Squar-

ing and averagmg Eq. (11) gives

12 12 ’
e’ cvaqya (PH) cvaevag (PH)'6;
= =8 207 2[5 S ]—U®
2
t
+[85 A1 o (14)
t

Equation (14) is valid for a fixed overheat ratio and has to be
solved for the three unknowns (pu)'%/p*U?, (pu)’ 6,/
pU®,, and 0'%/@2%. To solve for the three unknowns, we
need to obtain data at three overheat values at the test point.
To accomplish this, the present experiment was conducted
with the three overheat values of 0.30, 0.45, and 0.62 with
T.=0.2ms and 120 kHz Ipf, at y/6=0.64. The SS1* value
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FIG. 9. CVA response of fF(f) at three overheats.

was more like 0.22 instead of 0.25 according to Dury’s
work.'* Using the rms values listed in Table I, the compo-
nents in the turbulence are calculated to be

Vipw)? 92

=8.87%,

pU 0,

=1.93%,

and

(pu)' 6,
B i) (15)

V(pu)’z\/?

The same technique could be applied to the power spec-
tral density calculations as well. Figure 9 shows the plots of
the e'/E spectra at T,=0.2 ms with 120 kHz Ipf solved from
the three overheats 0.30, 0.45, and 0.62. The fF(f) versus
In(f) shown in Fig. 9 gives a clear glimpse of the most en-
ergetic part of the turbulent signals. The three responses are
different, as they should be at different overheats. Using the
three data arrays for the three overheats, the matrix solution
of the spectra is obtained for G, (f)=psd(pu)’, defined by
(pw) 2Ip* U= [5G, (f)df and G4 (f) =psd(6;) defined by
0'2/ ®2 [oG 0, (fdf, and the cross-correlation spectra is
denoted by G, 4. These spectra are shown in Fig. 10(a). As
can be expected' the total temperature fluctuation compo-
nent is small. The psd of the correlation coefficient R(f) is
shown in Fig. 10(b). The numerical value of the R(f) com-
puted with this method is smaller than 1, except in the vicin-
ity of the strain gauging peaks, which are difficult to analyze
anyway. The above results demonstrate that it is possible to
use the CVA also with different overheats and resolve the
turbulence components.

F. Comparison with earlier research

An exhaustive chart of previously measured turbulence
intensities by different researchers was presented by Smits,
Hayakawa, and Muck.'® In order to put the present CVA data
into that chart, we need to transform the (pu)'%/p?U? results
into ﬁu_’zl T,., where u' is the velocity fluctuation, p is the
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FIG. 10. (a) Resolved components of turbulence obtained by solving three
simultaneous equations with three overheats. (b) Spectra of the correlation
coefficient R(f) for CVA.

mean local density, and 7, is the wall stress such that 7,
=Pyl 2 where py is the density at the wall and u,, is the
friction velocity. Several of the characteristics of the super-
sonic tunnel needed to convert the CVA output into pu u'?/ Ty
for comparison with earlier research are available from
Dury’s work'* in the same tunnel: u,=20m/s, p,
=0.1455 kg/m®, Mag,=2, Uy =505 m/s,
Pext=0.2682 kg/m>, and Re,y,= 19. Profiles of the local wire
Reynolds number Re and the flow Mach number Ma across
the boundary layer were also available, from which, at y/é
=(0.64, Re=17 and Ma=1.8.

The first step in the computations is to transform the
relative change (pu)'/pU into

(16)

It is assumed that the static pressure across the boundary
layer and stagnation temperature are constants. It was also
assumed that the strong Reynolds analogy (SRA) is vahd for
the test, cf. Gaviglio' and Barre, Dupont, and Dussauge
that:
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FIG. 11. CVA test results superimposed with earlier research results.

(u_lf)I/Z (p12)1/2

—1)Ma* = with y=14,  (17)

(v U F Y
and

p'u’=0.80(;¢’_2)”2(ﬁ)”2. (18)
From Egs. (16)-(18), we can obtain
u?  (pu)'? _
= L —1)2Mi+1.6(y—1)M2]"". (19)

From the assumption of constant static pressure and constant
stagnation temperature across the boundary layer we have

p  Re* Ma} U Ma* Re

P —_ ext and —— ext. (20)
pext Reex[ Ma Uext Maex[ Re

We can now write the explicit expression for ﬁF/ Ty @S
—72 - T2 - T2 rr2
pu' p u 1 pou U
=L - v, @D
Ty Px uzi P:k”i Pont N ng[ PextV ext

and using Egs. (20) and (21) and the data listed above for the
boundary layer, we obtain

12 12
pu'*  (pu) B
= =186 EZUZ at y/6=0.64 (22)
and
il 12
u u
PT =190 (82[)12 at y/6=0.32. (23)

The CVA results for pu’?/ 7,. calculated with the above ex-
pressions are shown in Fig. 11 superimposing the results of
other earlier research. A total of three data points are shown
in Fig. 11 that were obtained with the present CVA tests.
One point is obtained by solving the three simultaneous
overheat (0.30, 0.45, and 0.62) equations at y/6=0.64. This
value is shown to be 1.21 on the y axis in the graph. The two
other points shown in Fig. 11 for the pu'?/ 7, that were
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computed from the CVA results at the two boundary layer
points y/6=0.64 (at a,=0.62) and y/6=032 (at a,
=0.60) are 1.11 and 1.52, respectively. They were computed
using the following approximate relationship neglecting the
total temperature effect:

£=[SCVA]2 (pu)lz_
EZ pu 52 U2

From Fig. 11, it is very clear that the CVA results agree
quite well with several other experiments, indicating that the
CVA with an in situ measured time constant and software
corrected thermal lag is indeed a viable option for quantita-
tive measurements.

(24)
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