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Abstract

The present paper deals with the erroneous velocity read-
ing of hot-wire anemometry close to a solid wall caused
by additional heat losses examined by means of experi-
ment and numerical simulation. Measurements in both
quiescent air and laminar/turbulent-boundary layer con-
firmed the influences of parameters such as wall conduc-
tivity, overheat ratio and probe dimensions on the out-
put voltage (not just the mean value but also its fluctu-
ations). The accompanying two-dimensional numerical
simulation indicated its usefulness for qualitative discus-
sion of the problem.

1 Introduction

Hot-wire anemometry (HWA) has been the most widely
used laboratory method to measure local fluid velocities
in experimental fluid mechanics, which enabled the study
of turbulent fluctuations quantitatively. Furthermore,
it was the only method capable of measuring high fre-
quency and amplitude velocity fluctuations with a high
spatial resolution and has been dominant in the exper-
imental field until the development of laser-based tech-
niques such as laser Doppler velocimetry (LDV) and par-
ticle image velocimetry (PIV). HWA is therefore promi-
nently in use for acquiring data in wall-bounded turbu-
lent flows.

However, a well-known major drawback in HWA is
that a hot-wire probe calibrated in the wall-remote re-
gion registers a seemingly higher velocity in the near-wall
region, known as the wall-proximity effect. Additional
heat losses from the heated sensor to the cooler wall are
erroneously read as an increase in velocity as the wire
approaches the wall surface. The wall-proximity effect
causes a problem especially when the friction velocity, the
characteristic scale in wall-bounded turbulence, needs to
be deduced from the velocity profile in the viscous sub-
layer (Orlii et al., 2010).

The aforementioned problem has been investigated in
numerous studies in the literature, with many of them
concerned with possible correction schemes for the mean
velocity and its dependence on operational and geometri-
cal parameters. Generally, it is widely agreed upon that
the wall conductivity, overheat ratio, and sensor dimen-
sions have an influence on the erroneous velocity reading,
such that:

e Highly conductive materials register larger apparent
velocity reading than poorly conductive materials
do (see e.g. Polyakov & Shindin, 1978; Bhatia et al.,
1982; Durst & Zanoun, 2002).

e Larger length-to-diameter ratio [/d of the wire re-
sults in a larger apparent velocity reading (see e.g.
Krishnamoorthy et al., 1985; Chew et al., 1995).

e The larger the overheat ratio is, the larger the appar-
ent velocity reading becomes (see e.g. Krishnamoor-
thy et al., 1985; Zanoun et al., 2009).

However, the detailed principle of the heat transfer for
the hot-wire in the near-wall region including its inter-
action with the wall material is still not entirely under-
stood. In addition, most of the previous studies, if not
all, are concerned with errors in the mean velocity and
there is little, if not no, knowledge of the measured tur-
bulence quantities: turbulence intensity and higher-order
moments. In light of the recent demands for increased
accuracies in determining the friction velocity and /or ab-
solute wall-position (Orlii et al., 2010), the interest in
higher-order moments in the near-wall region (Orlii et
al., 2016) as well as its wall-limiting quantities, e.g. the
fluctuating wall-shear stress (Alfredsson et al, 1988; Orlii
& Schlatter, 2011), there is a need to revisit the effect of
hot-wire measurements close to solid walls.

The present investigation carries out a systematic pa-
rameter study on the misreading of hot-wire anemom-
etry in the near-wall region so that further insight can
be provided into this field, which will eventually help
researchers to investigate this topic effectively in the fu-
ture. In particular, measurements under no-flow and flow
conditions, in a laminar and a turbulent boundary layer,
have been performed by varying the wall material, over-
heat ratio, and probe dimensions. Furthermore, a nu-
merical investigation is carried out to further study the
heat conduction inside the wall material.

2 Experimental Part

2.1 Natural convection measurements

To study the effect of parameters in the absence of a cross
flow, measurements in a specially designed enclosed box
were performed. The schematic of the setup is illustrated
in figure 1. A probe mounted on a metallic arm can be
vertically traversed manually by means of a micrometer.
The output voltage of the anemometer was acquired at
thirtyfive heights up to a distance of y = 2 mm from the
wall. Additionally, the voltage output at y = 5 mm was
recorded as Ey, where the effect of the wall is considered
to be negligible.

The effect of thermal conductivity of the wall was in-
vestigated by changing the wall material between alu-
minum, brass, steel, Plexiglas, and styrofoam. Besides
the wall material, the wire length and resistance overheat
ratio

Ry, — Ry
ar R() ) (]')
were also taken as parameters to see their influence on
the voltage reading. Here, the subscript 0 denotes the
cold state, i.e. reference state, and w denotes the heated
state, i.e. when the wire is under operation.
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2.2 Wind-tunnel experiment

HWA measurements were also carried out inside the Min-
imum Turbulence Level (MTL) closed-loop wind tunnel
located at the Royal Institute of Technology (KTH) in
Stockholm, which has a 7 m long test section and a cross-
sectional area of 0.8 x 1.2 m2.

A probe is mounted on a traversing system above a
flat plate as shown in figure 2 and can be controlled
from a computer. The flat plate has both aluminum
and Plexiglas surfaces at different spanwise positions at
the same streamwise location, which were used to in-
vestigate the effect of wall conductivity. Furthermore,
both laminar and turbulent boundary layers developing
on the plate with zero-pressure gradient were considered
with momentum-loss thickness Reynolds numbers (Rep)
of around 400 and 950, respectively. The sampling fre-
quency in this measurement is 20000 Hz and the sam-
pling time is 10 seconds.

Calibration of the probes was carried out in the free-
stream and upstream of the flat plate, against a Prandtl
tube which was also used to monitor the free-stream ve-
locity in the tunnel. The free-stream velocity is con-
trolled by a computer and the corresponding voltage
output from the probe is recorded. The voltage with-
out flow Ej is also recorded and used for the calibration.
In the present study, a 4th-order polynomial was used to
relate the top-of-the-bridge voltage to the velocity (see
e.g. George et al., 1989).

2.3 Experimental results

Results from the measurements on different wall materi-
als in quiescent air are depicted in figure 3a) and show,
as expected, the dependency of the wall conductivity on
the hot-wire reading (platinum core wire with 2.5 pum
diameter and 0.6 mm nominal length operated at an re-
sistance overheat ratio ag = 0.8). In accordance with
Durst et al. (2002), large differences can be observed be-
tween poorly conducting walls (Plexiglas and styrofoam
with heat conductivities of the order of 10~ and 1072

Plastic box
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|
I [— |
Wall material Computer
Temperature I
probe oA
Micrometer System

Figure 1: Schematic of the setup for the natural convec-
tion measurements.
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Figure 2: Schematic of the setup for the windtunnel ex-
periments.

W/mK, respectively), while the results from highly con-
ducting materials (such as aluminum, brass and steel,
with heat conductivities of the order of 10'~10? W/mK)
do not vary between each other. The dependency on the
overheat ratio for the same probe on the aluminum wall,
shown in figure 3b), is also in accordance with the main
body of previous studies (Durst & Zanoun, 2002).

Figure 3c) shows the overheat ratio dependency in a
laminar boundary layer, in which the overheat ratio ex-
hibits the same effect as for the results in quiescent air;
the higher the overheat ratio, the stronger the deviation
from the linear profile. In both cases, the effect is how-
ever limited to y* < 3, where the superscript ‘+’ denotes
scaling in wall units.

The mean streamwise velocity and root-mean square
profiles for a turbulent boundary layer are shown in fig-
ure 4a) for two different wall materials (aluminum and
Plexiglass) and display no differences in the inner layer
of the boundary layer. The marginal differences in the
outer layer are due to slightly different conditions of the
boundary layers (i.e. slight differences in the Reynolds
number as well as probable inhomogeneities in the span-
wise direction). One should, however, recall that the
accurate determination of the absolute wall position in
wall-bounded flows is by no means trivial (see Orlii et al.,
2010), and that small difference can easily be “hidden”
(due to inaccuracies in the absolute wall position and/or
the determined friction velocity by shifting the profiles
by less than one inner unit) in a semi-logarithmic plot.
If one considers instead the profiles in the diagnostic plot
(Alfredsson et al., 2011b) shown in figure 4b), which is
independent of the wall position and the friction velocity,
differences do appear in the region U/Uy, < 0.25; which
corresponds to the viscous sublayer (Alfredsson & Orlii,
2010). As apparent, the measured turbulence intensity
(and in turn the related rms value of the fluctuating wall
shear stress, i.e. Ty yms/Tw = 1% Uyms/U) is reduced for

Y

highly conducting materials. To illuminate this effect
further figure 4c) depicts the probability density distri-
bution (PDF) for the streamwise velocity fluctuations
in inner scaling. In accordance with Alfredsson et al.
(2011a), the PDF contour lines should be parallel to each
other in the viscous sublayer, which is observed for the
contour lines at higher velocities. The deviation at lower
velocities is more apparent for the highly conducting wall
material. The aforementioned observations can also be
made when considering the effect of the overheat ratio
as demonstrated in figure 5.

3 Numerical Part

3.1 Physical model and boundary condi-
tions

A two-dimensional numerical simulation using Open-
FOAM (version 2.2.2) is conducted. In the present study,
an infinitely long cylinder parallel to a wall and normal
to the flow is employed to represent the hot-wire sensor
as shown in figure 6. The entire computational domain
is divided into a fluid and solid region.The wire centre is
located at (x/d, y/d) = (0, 100) and the domain spreads
in the streamwise direction —3000 < z/d < 6000. The
fluid region is from 0 < y/d < 5000 and the solid region
is from —5000 < y/d < 0. The mesh is created with
ANSYS ICEM and the domain contains 339,040 points
in its fluid region and 197,600 points in the solid region.

A Couette flow is reproduced to simulate the phe-
nomenon of a hot wire located in the viscous sublayer.
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Figure 3: Voltage difference from hot-wire readings in quiescent air a) on different wall materials measured with a
resistance overheat ratio ar = 0.8, and b) at different resistance overheat ratio measured on aluminum. c): Inner-
scaled velocity profile in a laminar boundary layer at Rep ~ 400 on the aluminum wall at a resistance overheat ratio
of ag = 0.3 (thin line) and ar = 0.8 (thick line). Black dashed line indicates the linear profile Ut = yt.
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Figure 4: Effect of different wall materials in a turbulent boundary layer at Reg ~ 950 measured with an resistance
overheat ratio of ap = 0.8: aluminum (red) and Plexiglass (blue). a): Inner-scaled mean and rms profile. b):
Diagnostic plot with inset highlighting the viscous sublayer. c¢): Inner-scaled velocity PDF. Thin lines denote 1, 5,
20, 40, 60 and 90 % of the local maximum (thick line) of the PDF.

In the present calculation, the inner-scaled distance be-  coupled by means of the temperature continuity and heat
tween the wire center and the wall surface is changed by ~ flux conservation at the interfaces, namely,

varying the velocity gradient S = dU/dyl|,,1o,- The tem-

peratures at the inflow and the top moving wall are set

to Tse = 20 °C while the surface of the cylinder is set

to .T“’ = 100 °C. No—slip'conditions are applied at the Tauia = Tooiq and (ka—T) _ <k8—T> . 2)
solid walls and zero-gradient Neumann boundary con- Y Jguia Y Jootia

ditions for velocity and temperature are applied at the

outlet. In the solid region, the Dirichlet boundary con-

dition T' = T, was applied at the upstream wall, and

adiabatic Neumann conditions were set at the bottom  The thermal conductivity of the solid region was set to

and the downstream boundaries. These two regions were Esoia = 205 and 0.19 W/(mK), corresponding to the
properties of aluminum and Plexiglas, respectively.

32 FERCOFTAC Bulletin 108



30 0.4
25
0.3}
LE20 -
s 0.15 025
S 15 Zo2
vb" 3
10
o1 0.35
5
0 0 0.3
100 0 02 04 06 08 1
U/U,
101 /
A\i / 3 /
100
10° 102 108
a) b) + C)

Figure 5: Effect of different resistance overheat ratios ar in a turbulent boundary layer at Rey ~ 950 measured on
an aluminum wall: ap = 0.3 (black) and agr = 0.8 (red). a): Inner-scaled mean and rms profile. b): Diagnostic plot
with inset highlighting the viscous sublayer. c¢): Inner-scaled velocity PDF. Thin lines denote 1, 5, 20, 40, 60 and 90

% of the local maximum (thick line) of the PDF.

3.2 Mathematical model

A built-in solver chtMultiRegionSimpleFoam capable of
calculating conjugate heat transfer in fluid and solid
zones is used for the simulation. The governing equa-
tions in the fluid region are the conservation of mass,
momentum and energy for compressible flow.
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In the solid region, the heat-conduction equation is
solved:
k9T
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The inlet velocity at the height of the wire centre U,
and the wire diameter d are employed to normalize the
velocity components and coordinates, respectively, while
the temperature is scaled as T* = (T — Too ) /(T — Too)-
The thermal physical properties p*, p*, k*, and cj, (den-
sity, dynamic viscosity, thermal conductivity and specific
heat at constant pressure, respectively) in the equations
are chosen as Tth polynomial functions of temperature
and normalized by the corresponding values at inflow
temperature T,,. The other non-dimensional parame-
ters are the Eckert number, the Prandtl number and the
Reynolds number, which are defined as follows:

2
Eckert number : Ec = m, (6)
Prandtl number : Pr = M7 (7)
oUwd
Reynolds number : Re = p . (8)
fiso

The heat loss from the wire was evaluated as the mean
Nusselt number Nu on the wire surface, which is calcu-
lated from the local Nusselt number Nu(f). The heat
flux at a certain point on the surface ¢(6) is calculated
as

aT(r,0)

q(0) = —k(Tw) —5—

or ’ 9)

r=d/2

where r and 6 are the polar coordinates originated at
the wire centre. Normalizing ¢(6) with a reference heat

oT/0y =0 flux g = k(Tf)(Tw — Too)/d to obtain the local Nusselt
ber:
Figure 6: The computational domain with the boundary HHmbEr ]
conditions. Nu(@) q(e) _ _ k(Tw) oT” (7”*, 9*) ; (10)
qc k(Ty) or* r*=0.5
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Figure 7: Nusselt number on the wire surface as a
function of Reynolds number together with results from
previous studies. The result of aluminum/mirror glass
wall (k* = 29.6) and the calibration result in a freestream
by Shi et al. (2003) are corrected based on their temper-
ature setting of T, and T,.
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Figure 8: Nusselt number Nu on the wire surface as
a function of the inner-scaled height of the wire. The
present result is plotted together with that of the previ-
ous numerical study employing walls with heat conduc-
tivities of k* = oo and k* = 0.

where 0* = 0/(27) and T is the film temperature: Ty =
(Tw 4+ T)/2. By taking the average of Nu over the wire
surface, the mean Nusselt number is derived as:

Nu:/0 Nu(6*)do*. (11)

3.3 Numerical results

The result of the numerical calculation is plotted in figure
7 in the form

Nu @;) T fRey), (12)

where the subscript f indicates the corresponding value
at the film temperature. This correction of the Nus-
selt number is proposed by Collis & Williams (1959) to
eliminate the effect of the overheat ratio. The results
from several previous studies about the heat loss from
a hot-wire sensor are also plotted together. The present
results shows reasonable agreement in a qualitative ten-
dency with the previous studies and it is again observed
that higher conductivity of the material results in larger
heat loss.

The Nusselt number as a function of the inner-scaled
height of the wire centre y, is shown in figure 8, where
yd can be calculated as y; = yu\/Spoo/tes. The
heat loss difference for the different wall conductivity be-
comes smaller as y; increases and almost vanishes when

yl = 4.9, which implies that the wall-proximity effect is
negligible outside of the viscous sublayer. However, the
present result is found to deviate from that of Chew et al.
(1995). Apart from the wall conductivity, the difference
in the size of computational domain (not mentioned) or
the overheat ratio (although the effect of this factor is
said to be negligible in their paper) might be the rea-
sons for this discrepancy. Furthermore, the procedure in
which they varied the wire height y by changing the
real-scale position maintaining the velocity gradient S of
the inflow is likely to be another reason, which may in-
dicate that not only the inner-scaled height of the wire
but also the real-scale distance have an influence on the
heat loss.

The field temperature distribution around the wire is
shown in figure 9. It is apparent that the heat from the
wire hardly remains in the aluminum wall while it does
for the Plexiglas wall. For the Plexiglas wall, a high-
temperature zone inside the wall shifts further down-
stream due to the interaction of the temperature wake
and the wall as the velocity gradient S increases, i.e.
the distance y;, increases. The heat accumulates right
beneath the wire for the cases with smaller y;, which
causes less heat loss from the wire. However, the Nu for
the wire near solid walls are still higher than that of the
wire in a freestream far away from a wall.

4 Conclusions

An experimental and numerical investigations of HWA
measurement close to solid walls were carried out. Based
on the present results, the following conclusions can be
drawn:

e The thermal conductivity of the wall material af-
fects the HWA reading, viz., walls with higher ther-
mal conductivity lead to higher output voltages, i.e.
larger overestimation of the velocity. It should be
noted that highly conductive materials, such as alu-
minum, brass and steel show similar results despite
the fact that the conductivity differs a factor of
ten between them, For poorly conductive materials
Plexiglas shows a much larger effect than styrofoam,
despite the fact that Plexiglas has a thermal conduc-
tivity 3 orders of magnitude less than the metals,
whereas styrofoam has an order of magnitude fur-
ther reduced conductivity.

e Employing higher overheat ratios or longer sensors
contributes to larger velocity overestimationst as
these factors assist the additional heat loss from the
Sensor.

e The measured turbulence intensity and the veloc-
ity PDF are also affected by the wall conductivity
and the overheat ratio: employing higher conduc-
tivity and higher temperature loading of the wire
suppresses the reading of the turbulence intensity,
and results in a narrower PDF in the low speed re-
gion within the viscous sublayer.

e The difference of the output voltage by varying the
parameters can be seen only in the viscous sublayer,
and one should note that the effect within the sub-
layer can easily be “hidden” when measured velocity
profiles are employed to determine the absolute wall
position and friction velocity as it is common.

e For poorly conducting walls, the heat accumulates
beneath the wire inside the wall and it suppresses
the additional heat loss. This heat accumulation
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Figure 9: The distribution of temperature T* around the heated wire above a solid wall. The broken line indicates
the interface of the fluid and solid regions. a) Aluminum wall with the velocity gradient of S = 100 s~!. b) Plexiglas
wall with the velocity gradient of S = 100 s~!. ¢) Plexiglas wall with the velocity gradient of S = 1000 s~*.

becomes larger as the inner-scaled height of the wire
decreases.

Hence, in order to reduce the wall-effect on hot-wire read-
ings in the viscous sublayer, it is beneficial to perform
measurements above low conducting materials as well as
operate the hot-wire at a low overheat ratio in order to
obtain accurate measurements of both mean and fluctu-
ating velocities.
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