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ABSTRACT

The influence of heat conduction on the re-
sponse of a surface-mounted hot-film sensor
has been numerically investigated with special
attention paid to turbulent wall shear stress
measurements. Energy transport equation is
solved for both fluid and solid parts, where
the thermal conductivity of the solid part is
varied to realize various materials common in
constructing the wind tunnel wall, and a sen-
sor operating under the constant temperature
is emulated. The results indicate that the bet-
ter signal is obtained by the sensor when it is
attached on the wall whose thermal conduc-
tivity is higher than that of the substrate. It
is the heat flow from the hot-film transferred
in the substrate by conduction, that contam-
inates the response of the sensor, because the
enlargement of the virtual size of the sensor due
to conduction results in low streamwise resolu-
tion.

INTRODUCTION

The flush-mounted hot-film sensor is com-
mon in measuring wall shear stress in wall-
attached boundary layer flows. The heat trans-
ferred to the fluid by convection, @), and the
wall shear stress 7, are correlated by:

Q = ATSU/3+B, (1)

where A and B are empirical constants. The
constants A and B are usually calibrated in
steady condition, and the same values are used
for measurements in unsteady flows.

It is a common belief that the heat conduc-
tion into solid wall is the major error source in
the measurement of turbulent wall shear stress
using a hot-film sensor, particularly for the
measurements in the air. To minimize this ef-
fect, the insulation of the hot-film sensor from
the wall has been a common practice, by, e.g.,
setting a cavity behind the sensor (Alfredsson

141

et al., 1988). However, when the higher or-
der turbulence statistics are concerned, some
experiments indicate that the effect appears
in rather opposite manner, i.e., wall materials
with higher heat conduction provide a better
result than that with lower heat conduction
(Dengel et al., 1987). The explanation on the
associating physics is necessary, when the in-
creasing interest to the application of micro
sensor technology to flow control is considered
because the wall-attached hot-film sensor is
used to detect instantaneous wall shear stress
variation (e.g., Kimura et al., 1999).

The influence of the heat conduction to the
solid wall has been investigated both experi-
mentally and numerically. Reda (1991) stud-
ied the influence of the thermal property of
the hot-film substrate, and suggested that the
effective thermal length of the sensor is the
important factor for quick response of the sen-
sor. Moen and Schneider (1993) performed
an experimental study on the effect of heat
conduction in the substrate of hot-film sensor.
They have shown the region of high temper-
ature around the sensor is enlarged when the
thermal impedance of substrate is high, though
the details of its influence on the output sig-
nal of the sensor are left unexplored. In an
later publication (Moen and Schneider, 1994),
they have mentioned the advantage of a small
sensor over larger ones in terms of the bet-
ter frequency response. The numerical study
by Tardu et al. (1991) supports essentially the
same fact that the longitudinal thermal diffu-
sion contaminates the output of the hot-film.
The experiments by Cock (1994), where the
sensor that is not glued on a substrate but kept
in a cavity has better characteristics than the
sensor with substrate, strongly suggests that

“the bad frequency response of a flush-mounted

hot-film sensor is not solely determined by the
material of the wall, but the thermal property
of the substrate must be taken into account.



To obtain the detailed information for the
above-mentioned situation, the direct numer-
ical simulations (DNS) for turbulent channel
flow are performed in the present study. The
thermal field around the hot-film sensor is com-
puted for various wall materials, with the exis-
tence of the substrate taken into account. The
relationship between the fluid motion responsi-
ble for the fluctuating wall shear stress and the
output of the hot-film is clarified by analyzing
the heat flux from the sensor.

COMPUTATION

Fully Developed Turbulent Channel Flow

Prior to the computation of thermal field,
DNS of a fully developed turbulent channel
flow was performed at Re = 150, with Re be-
ing the Reynolds number based on the friction
velocity and half the channel width. The di-
mension of the whole computation domain was
L} x LE x L} =1152 x 300 x 576, with L],
L}, L} being the length in the streamwise di-
rection (z), wall-normal direction (y), and the
spanwise direction (z), all normalized by the
wall unit. 64 numerical grids covered each di-
rection; resulting grid resolution in the z- and
z-directions was 18.0 and 9.0, respectively. The
periodic boundary condition was applied at the
inlet and outlet planes to achieve the fully de-
veloped turbulent channel flow. The numerical
method was based on the fourth-order central
differencing scheme developed by Kajishima et
al. (1998). The entire domain for the fluid
flow computation is shown in Fig. 1, where the
calculated instantaneous wall shear stress dis-
tribution is illustrated.

Computation of the Thermal Field

Regarding the fluid temperature to be a pas-
sive scalar, the transport equation for temper-
ature was solved:

or

k
T +div(vT) = ——div(grad T').

pcp

(2)

The computation was performed for both the
fluid part and the solid wall part. In the fluid
part, the velocity components in three direc-
tions, appearing in the convection terms, were
supplied by the DNS that was performed sep-
arately. The temperature distribution in the
solid wall part was determined solely by the
heat conduction.

Due to the small size of the hot-film sensor
compared to the grid size used for the chan-
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Figure 1: Entire computation domain for fluid flow. The
hot-film sensor is marked on the center of the thermal com-
putation domain.

hot-film sensor
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Figure 2: Computation domain for thermal field around the
hot-film sensor. Numbers are in wall unit.

nel flow DNS, cf. Fig. 1, it was impossible to
solve the velocity and temperature simultane-
ously. Instead, the computation of thermal
field was performed for the smaller region cov-
ering both the fluid and the solid wall part
surrounding the hot-film sensor as shown in
Fig. 2. The thermal computation domain ex-
tended I} x I x I} =45 x 23.4 x 90. The
number of grids covering this region was 50 X
52 x 50, uniform in all directions.

The sensor was represented by two rows of
computational grids along which the constant
temperature was specified to emulate a con-
stant temperature anemometer. The dimen-
sion of the sensor was determined, by referring
a commercial sensor (DANTEC 55R47), to be
1.8 and 18 in wall unit in the streamwise and
spanwise directions, respectively. It is sup-
posed that the hot-film sensor deposits on a
1.8 wall-unit thick polymide substrate that is
further glued on the wall of object whose wall
shear stress is to be measured. The thickness
of the sensor itself, the coating film of quartz
above it, and the glue lamina were not taken
into account because of the negligible thickness
as compared to that of the polymide substrate.

Computations were performed for selected
wall materials summarized in Table 1. The
case in which a cavity is set beneath the hot-
film in attempt to isolate the sensor from the
wall was emulated by setting the wall proper-
ties equal to that of the air. The temperature
of the oncoming air was set equal to 20°C,



Table 1: Properties of wall materials.

. k p x 10° cp x 103
Material W/mK kg/m? J/keK
Polymide 0.42 1.47 1.17
Air 0.0257 0.00117 1.005
Acrylic 0.20 1.10 1.85
Quartz Glass 1.5 2.22 0.84
Steel 80.3 7.87 0.442
Aluminum 203 2.70 0.90
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Figure 3: Temperature distribution around the hot-film sen-
sor. (a), (b) Acrylic wall, (c), (d) aluminum.

while the sensor temperature was set constant
to 80°C. Neumann condition was applied at the
boundary of the thermal computation domain.
For the calculation of turbulence statistics, a
slight increase in the temperature in the solid
part due to the accumulation of energy was
corrected by approximating the temperature
increase by linear polynomial.

Calculation of the Hot-Film Output

The output signal from the hot-film sensor
was evaluated by the sum of the heat flux to
the fluid flow QF and the heat flux to the wall
through substrate, Qs. They were calculated

by:
oT
- _k //— dedz, (3
QF F 95 |- o zdz, (3)
oT
QS = —k‘g// _(?y y:_odl‘dz, (4)

with kr and kg being the thermal conductiv-
ity of the fluid and substrate, respectively. The
surface integration was performed over the en-
tire area of the hot-film sensor. The sum of
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Table 2: Turbulence statistics for various wall materials.

Wall 7., SF (dynamic)
Cavity 0.05  0.05 (-0.027)
Acrylic 0.10  0.11(0.52)
Quartz Glass 0.16 0.26 (0.58)
Steel 0.21  0.40 (0.65)
Aluminum 0.20 0.34 (0.80)
true value 0.36 0.95
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Figure 4: Turbulence intensity of the wall shear stress.

QF and Qg is equal to the energy added to the
hot-film, thus regarded as the output signal of
the sensor, when it is operated at the constant
temperature.

RESULTS

Temperature distribution

The computed mean temperature distribu-
tion is shown in Fig. 3, comparing the result for
two different wall materials, acrylic and alu-
minum. The coordinates are normalized by
the sensor span. It is clear that the temper-
ature distribution on the surface exposed to
the fluid flow is strongly influenced by the wall
material, namely, the thermal conductivity of
the wall. Because of the large heat conduction
into the aluminum wall, cf. (c) and (d), the
heat conduction along the wall surface is rela-
tively small as compared to that resulted from
the computation for the acrylic wall, resulting
in the enlargement of the effective sensor size,
cf. (a) and (b). Moen and Schneider (1993)
have reported the similar result obtained from
their measurement.

The heat conducted in the substrate is the
consequence of the low thermal conductivity
of the wall material relative to that of the sub-
strate. The performance of the hot-film sensor
is considered to be strongly influenced by this
relationship. Therefore, the insulation of the
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Figure 5: Coefficients determined by dynamic calibration.

hot-film from the wall leads to the undesired
situation as long as the substrate exists.

Effect of dynamic calibration

The turbulence statistics of the wall shear
stress, calculated by Eq. (1), is summarized in
Table 2 for various wall materials. The ”true”
value obtained by the present DNS is shown
at the bottom of the table. The turbulence in-
tensity of wall shear stress, 7, is obviously un-
derestimated by the hot-film, which is common
in experiments. The largest value is provided
by the wall made of aluminum, which has the
largest thermal conductivity among all, while
the case of cavity made below substrate is the
worst. The comparison with the other stud-
ies are also shown in Fig. 4. The horizontal
axis is scaled by the ratio of thermal conductiv-
ity of the substrate and that of wall material.
The right most plot of the present study cor-
responds to the case of cavity.

The dependency of 7/, on the wall material
is the consequence of the statistic calibration
by which the empirical constants A and B are
determined. Clearly, the calibration under-
taken at the steady condition is not applicable
to the fluctuating flow. In the present case,
where the true value is known, it is possible
to calibrate these coefficients so as to obtain
the desired value of 7,. Figures 5 shows the
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Figure 6: Spectrum of the fluctuating wall shear stress, (a)
static calibration, (b) dynamic cariblation.
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Figure 7: Probability density function of the wall shear
stress.

consequence of such attempt. The necessary
correction for constant A is much larger than
for B. It is interesting that A stays nearly
constant for various wall materials, while B is
a strong function of the thermal conductivity
ratio. This fact suggests that the heat loss due
to the conduction appears in the pedestal level
of the signal, but the frequency characteristics
stay almost unchanged.

The effect of the dynamic calibration is fur-
ther examined in Fig. 6, where the spectra
of fluctuating wall shear stress is compared
for two typical wall materials, aluminum and
acrylic. When the wall shear stress signal
is calibrated in the conventional manner, as
shown in (a) for static case, the difference in
the wall material is obvious for the entire fre-
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Figure 8: Skewness factor of the wall shear stress.

hot-film sensor

Figure 9: Control volume for the evaluation of convective
heat flux above the hot-film.

quency range. However, when the dynamic
calibration is applied, the two curves overlap
and almost indistinguishable from each other.
It is therefore concluded that the heat loss
by the conduction into the wall does not con-
tribute to alter the frequency characteristics of
the hot-film output.

Higher-order moment

The practice of dynamic calibration de-
scribed above suggests that the heat loss due to
conduction to the wall is not a major cause for
the contamination of hot-film output. How-
ever, it does not necessarily mean that the
difference in heat conduction does not alter the
turbulence statistics. It is now demonstrated
that the higher-order statistics, i.e., skewness
factor, is indeed influenced. The probability
density function obtained from the acrylic wall
and aluminum, both after the dynamic calibra-
tion, are compared in Fig 7. The horizontal
axis shows the normalized wall shear stress,
T = (Tw—Tw)/T,- As summarized in Table 2,
the skewness factor (SF) after the dynamic cal-
ibration is 0.52 for the acrylic wall, while the
aluminum wall provides SF=0.80. The differ-
ence is also seen in the distribution of PDF.

DISCUSSION

The cause for the difference found in the
skewness factor is further investigated in con-
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nection with the thermal transport around to
the sensor. The instantaneous convective heat
flux ¢y, ¢, and ¢, are defined by:

q = /// () dx dydz, (5)
4 = /// /TI d:c dydz, (6)
q = /// IT, da; dydz, (7)

where T” denotes the fluctuating component of
temperature. The volume integration is evalu-
ated for the control volume as shown in Fig. 9,
and the difference is calculated for each di-
rection. The variation of these quantities is
directly related to the output of the hot-film
sensor.

Figure 10 shows the temporal variation of
the convective heat flux around the sensor.
The graph on the left is for the acrylic wall,
while the right one corresponds to the case
for aluminum wall. Not that the time t = 0
does not correspond to the initial condition of
simulation, but to a certain instant when the
variation of ¢’ indicate a characteristic signal:
The two graphs are taken from the same record
of fluid flow DNS. It is remarkable that the
signal of the computation with aluminum wall
shows the fluctuation with larger amplitude
and more rapid variation for 0 < ¢ < 0.005s.
The difference in the skewness factor due to the
wall material is explained by this comparison.

Figure 11 shows the same instant as marked
in Fig. 10. It is indicated that the rapid varia-
tion found in the signal in aluminum wall com-
putation corresponds to the instant at which a
streaky structure passed over the sensor. The
signal output from the acrylic wall has com-
pletely missed the rapid variation. It is clear
that the rapid and intermittent variation of
¢, is only possible when the streamwise gra-
dient of u'T” is captured correctly. When the
temperature distribution around the sensor is
considered, cf. Fig. 3, the hot-film sensor at-
tached on the acrylic wall is elongated in the
streamwise direction, and therefore the stream-
wise temperature gradient cannot be captured
at any instant.

In summary, the influence of the heat con-
duction to the wall is determined by the ther-
mal conductivity, but the frequency character-
istics has rather minor effect. The material of
low thermal conductivity behind the substrate
hinder the heat release into the wall and causes
the streamwise elongation of the sensor. When
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Figure 10: Evolution of the convective heat flux from the
hot-film sensor. (a) Acrylic wall, (b) alminum wall.
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Figure 11: Streaky structure passing over the hot-film sen-
sor.

a rapid response is desired, it is recommended
that the substrate has sufficiently lower ther-
mal conductivity than the material of the wall
to which the hot-film sensor is adhered.

CONCLUDING REMARKS

The influence of the heat conduction into
the wall on the hot-film signal has been nu-
merically investigated. It is shown that the
static calibration of the hot-film provides too
low a turbulence intensity. The dynamic cali-
bration is possible by refereeing to the thermal
conductivity of the wall material and the sub-
strate of the hot-film. However, the rapid and
intermittent variation of the wall shear stress is
only captured by the sensor that has sufficient
streamwise resolution realized by the appropri-
ate heat release to the wall.
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