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An investigation of cold-wire spatial resolution using a DNS database
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Abstract

The effect of spatial resolution of cold-wire anemometry on
both the variance and energy spectrum of temperature fluctua-
tions is analyzed through the use of a numerical database. Tem-
perature fluctuation snapshots from a direct numerical simula-
tion (DNS) of a heated smooth-wall turbulent channel flow are
spatially averaged in the spanwise direction to simulate the wire
filtering. The results show that the wire length does not af-
fect the mean temperature while it significantly attenuates the
variance of temperature fluctuations, particularly in the vicin-
ity of the wall. As the filter length grows, the peaks of the
one- and two-dimensional energy spectrograms are further at-
tenuated. Limited attenuation is seen when the filter length is
smaller than 30 wall units in the vicinity of the wall, whereas,
a complete suppression of the near-wall energetic peak is ob-
served when the filter length exceeds 100 wall units.
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Introduction

There are numerous challenges in experimentally resolving the
smallest scales in flows, especially for wall-bounded turbulent
flows where there is a concentration of small-scale energy very
close to the wall. The need to adequately resolve these features
places a stringent requirement on the spatial and temporal res-
olution of sensors. In a standard laboratory boundary layer, the
spatial resolution of hot-wire anemometry (HWA) sensors, for
instance, can significantly limit the accuracy of velocity mea-
surements [11]. The finite dimension of hot-wire sensors un-
der resolves the small-scale turbulence as the sensor averages
the velocity along the wire length, / (which for boundary layer
measurements is often aligned with the spanwise direction).

Scalar measurements using cold-wire anemometry will also ex-
perience a filtering effect owing to the finite sensor length.
Practically, the attenuation of temperature fluctuations is often
more acute for cold-wires, than attenuation of velocity fluc-
tuations with HWA, since cold-wires require a much longer
length-to-diameter ratio ({/d) [14], where d is the wire diame-
ter. Paranthoen et al. [14] demonstrated that a sufficient length-
to-diameter ratio (e.g. [ /d > 1000) mitigates the end conduction
loss error, which manifests primarily as a temporal resolution is-
sue. However, for a fixed wire diameter these two requirements
are conflicting. Maximizing spatial resolution requires a wire
with a length that is sufficiently small relative to the viscous
length scale (v/Ur where Uz denotes friction velocity and v is
kinematic viscosity of fluid), while minimizing temporal atten-
uation due to end conduction effects requires that the sensor is
very long relative to its diameter (actually five times longer than
the //d > 200 recommended for HWA). In practice this means
that either cold-wire sensors must be constructed with unrea-
sonably small wire diameters (with consequent issues of drift
and fragility), or the Reynolds number range of experiments
will be severely restricted. More likely, compromises will be
made in viscous scaled wire length [ (= [U;/v) and length-to-
diameter ratio. For these reasons, before embarking on such a
measurement, it is of critical importance that the effect of spa-

tial and temporal filtering due to sensor length and end conduc-
tion effects (I/d) are fully understood in the context of wall-
bounded turbulent flows. In the absence of this understanding,
it is not possible to design probes to optimize this compromise
for a given set of experimental conditions.

The filtering effect of sensor resolution on the measurement
of passive scalars has been estimated from theoretical analysis
[15], experiment [1] and DNS data [3], with correction schemes
based on the assumption of homogeneous isotropic turbulence.
However, the applicability of these schemes to wall-bounded
turbulent flows is questionable. In this work, we investigate
the effect of spatial filtering in the spanwise direction on the
second-order statistics and energy spectra of temperature fluctu-
ations in a thermal turbulent boundary layer. Since experimental
data will often contain combined effects due to spatial resolu-
tion, end conduction effects and anemometer performance and
settings, we here utilize a DNS database to isolate the effects of
spatial resolution, with a later intention to expand the analysis
to include end-conduction and temporal resolution effects.

Numerical procedure and analysis

DNS of forced convection in smooth-walled turbulent channel
flow was performed at a nominal friction Reynolds number of
Rer = 395. The continuity and incompressible Navier—Stokes
equations were solved numerically, along with the passive
scalar transport equation,
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where i = 1, 2, and 3 indicate the x, y and z (streamwise, span-
wise and wall-normal) directions, ¢ is the time and o is ther-
mal diffusivity of fluid. To simulate forced convection, a body
force term was added to the right-hand side of Equation (1),
G = —udT /dx > 0, where u is the instantaneous streamwise ve-
locity, T'(x) is the mean temperature and 6 is the instantaneous
temperature that is solved by the code. An isothermal boundary
condition was imposed at the channel walls, 6 = ®,, = 0. The
effect of the temperature on the fluid properties (e.g. density
and viscosity) was neglected, and, as a result, buoyancy effects
were not considered. For further details on numerical proce-
dure the reader is referred to Kozul et al. [10] and Macdonald
etal. [12]. The number of cells of the computational domain are
240 x 240 x 192 in the streamwise, spanwise, and wall-normal
directions, corresponding to the channel length (Ly/k), width
(Ly/h), and height (L;/h) of 6.0 x 6.0 x 2.0, where h denotes
half-channel height. The viscous-scaled streamwise and span-
wise mesh resolution was Ax™ = Ay™ a2 10 while the viscous-
scaled wall-normal mesh resolution, Az" varied from = 0.63 at
the wall to a maximum of 19.0 at the channel centre-line.

To simulate the effect of the wire length on the cold-wire re-
solved instantaneous temperature fluctuations, the DNS data
were spatially averaged in the spanwise direction using a boxcar
filter with different simulated viscous-scaled wire lengths (10 <
I™ < 148). The smallest simulated wire-length (=~ 10) was set
by the spanwise mesh resolution of the DNS, and is referred to
here as the unfiltered case. Further boxcar filters are applied at



multiples of Ay™ to yield [T = 20,30,59,79,99 and 148. The
boxcar filter has previously been shown to be a suitable model
for spatial resolution effects of single-normal sensors [4]. The
Reynolds number for the currently available DNS database is
low (Re; = 395) meaning that, for highest simulated [+ val-
ues, [/h will become appreciable. Under such conditions, the
simulated sensor will attenuate some outer-scaled energy and
the resulting attenuation will be Reynolds number dependent.
However, for I/h < 0.15 (I < 60) and in the near-wall and
buffer regions, we would expect this effect to be minimal [4],
and hence these results should be generally applicable to higher
Re flows for 0 < z© < 100 and I+ < 60.

The mean temperature ®, the temperature variance (6%) and
the energy spectra of temperature fluctuations are subsequently
computed from the filtered data. The pre-multiplied one-
dimensional energy spectra was calculated from

¢ee(ky72) = k)‘<é(k)'»z)é* (ky,z)>, ()

while the pre-multiplied two-dimensional energy spectra was
computed as follows

DPog (ky, ky, 2) = kky (B(ky, ky,2)8 (ky, Ky, 2)), (3)

here k, and k, are the streamwise and spanwise wavenumbers

respectively, () denotes temporal average, 8 is the Fourier trans-
form of 6 and the superscript * denotes the complex conjugate.

Filtering effects on mean and variance statistics

The wall scaled mean temperature ®/@; at different filtering
lengths is shown in figure 1, where @z, the friction tempera-
ture, is defined as g, /pCpU; (where ¢ denotes heat flux at
the wall, p is the fluid density and C, is the specific heat ca-
pacity). As expected, the wire length has no influence on
©/0;, where all the profiles overlap with the thermal lin-
ear law of the wall (®)/®; = Prz" and the logarithmic law
®/0; = (Pr;/x)Inz" +4.18 [7], regardless of the wire length.
Here, Pr=0.71 is the molecular Prandtl number, Pr; = 0.85 [8]
is the turbulent Prandtl number and x = 0.4 is the von Karman
constant. The wire length, on the other hand, has a significant
effect on the variance of temperature fluctuations (62), as seen
in Figure 2. A large attenuation of (82)/@®2 in the near-wall re-
gion is evident as the filter length, /T, increases from 10 to 148.
This attenuation diminishes with distance away from the wall,
eventually collapsing back to the unfiltered result, although this
point of collapse shifts further from the wall with increasing
I*. The peak value of (8%)/©?2 is further from the wall for the
least filtered case at z* ~ 18 as compared to the inner peak lo-
cation of velocity turbulence intensity which is commonly re-
ported at z+ = 15. This is presumably due to the thicker diffu-
sive sublayer than the viscous sublayer in the case of Pr=0.71.
The attenuation percentage of temperature variance at z+ ~ 18,
A(0?) = ((8%), — (8%),)/(8%),, increases gradually with [T as
shown in the inset of Figure 2, where (%), is the tempera-
ture variance of the unfiltered (most resolved) case at [T ~ 10
and (92> ; is the corresponding variance with a filter length ™.
The inset of Figure 2 also shows the attenuation percentage of
the velocity variance at 7+ = 15, A(u?) = ((u?), — (u?);)/ (?),
which as expected from the Reynolds analogy exhibits similar
behavior to temperature. It is interesting to see in Figure 2 that
the cold-wire measurement of (6%) /@2 of Orlando et al. [13]
with /™ =75 and //d = 600 is considerably lower than the cur-
rent (62) /@2 at a comparable /T = 79, even though their mea-
surement is at larger Re; = 800. This demonstrates that, aside
from the spatial filtering, the cold-wire results of Orlando ef al.
[13] also suffers from a temporal filter resulting from an //d that
is much smaller than the recommended ratio.

Figure 3 illustrates A(6%) as a function of z+ and filter length /T
Near the wall, the attenuation which increases with [T, retains
almost the same level (horizontal contours) for z* < 20. How-
ever, beyond this region the degree of attenuation drops, sug-
gesting that longer wires could be employed, with small atten-
uation, if the focus of the study were temperature fluctuations
in the log region. As an example, for z+ < 20, if attenuation
is to be restricted to 10%, a viscous wire length [T < 20 is re-
quired. In the log region at z+ = 100, this requirement of 10%
attenuation can be met with a sensor length [T = 40.
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Figure 1. The effect of the filtering length on the mean temperature
profile from 10 < /™ < 148. The thermal linear and logarithmic law of
wall are given as dashed and dot-dashed lines respectively.
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Figure 2. Effect of the filter length on the inner-scaled variance of tem-
perature fluctuations. The dashed line denotes the peak of the unfiltered
temperature variance at z+ ~ 18. Symbols are as defined in Figure 1.
The measured temperature variance data of Orlando et al. [13] with
I =75 and I/d = 600 is shown with + symbols. The inset shows
A(?) (x) at z* ~ 18 and A(u?) () at z* = 15 as a function of [*.

Filtering effects on energy spectra

The pre-multiplied one-dimensional energy spectra of the tem-
perature fluctuations, obtained from Equation (2) and scaled
with @2, is shown in Figure4 as a function of the spanwise
wavelength (X;‘) and wall-normal distance z. The horizontal
dashed lines are at kj = 2I7 for each case, showing the approxi-
mate expected influence of the applied boxcar filter. The symbol
x marks the energetic peak of the unfiltered case at h;r ~ 110
and wall-normal distance z" ~ 18 and it is consistent with the
temperature variance peak location in Figure2 and also com-
parable to the reported value for the spanwise spacing of the
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Figure 3. Attenuation percentage (A(6?)) as a function of wall location
7" and filtered length [T,

near-wall streaks (IOOULT [9]). No significant spatial filtering on

the energy spectra is observed when the filter length is I ~ 30
as displayed in Figure 4(b). At higher filter length (/T > 59),
the spatial filtering becomes more prominent particularly for the
small scales (see Figure 4(c) and (d)). This is evident as the fil-
ter length (horizontal dashed line) is shifting upward reaching
the peak of the unfiltered case.
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Figure 4. Pre-multiplied one-dimensional energy spectra of the temper-
ature fluctuation (¢gg/ ®%) as a function of ?\.y* against wall distance with
different filter length (a) I™ ~ 10 (unfiltered), (b) [T ~ 30, (¢) It ~ 59
and (d) T =~ 99. x is marked at Ay ~ 110 at location of z* ~ 18. The
horizontal dashed line shows A} = 2/*.

The pre-multiplied two-dimensional energy spectra of the tem-
perature fluctuation at z+ ~ 18, obtained from Equation (3),
is shown in Figure5 as a function of the streamwise (A])
and spanwise wavelengths (7»;'). The x symbols in Figure 5
show the energetic peak of the unfiltered case which occurs at
A ~ 800 and A; ~ 110. The wavelengths are comparable to
reported values for the near-wall energetic peak of velocity fluc-
tuations at 7»; ~ 1000 [5] with a spanwise “Kline” scaling of
IOOULT [9]. Once the filter length reaches /™ ~ 99, as seen in
Figure 5 (d), this energetic peak is almost completely attenu-

ated.
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Figure 5. Pre-multiplied two-dimensional energy spectra of temperature
(Poo/ @%) as a function of streamwise wavelength (A;) and spanwise
wavelength (A7) with filter length (a) I & 10 (unfiltered), (b) ™ = 30,
(¢) It ~ 59 and (d) I ~ 99 at the wall-normal location of z* ~ 18. x
is marked at ;" =~ 800 and A;" ~ 110. The horizontal dashed line shows
A =20 and the vertical dashed line shows A = 16/7.

The effect of the spatial filter can be highlighted by calculating
the missing energy in the pre-multiplied spectra, ), computed
by subtracting the filtered ®gg/®2 from the unfiltered Pgg/ @2
[6]. The effects of insufficient spatial resolution on 7y are shown
in Figure 6 as a function of A} and X;’ for [T ~ 30, 59, 99 and
148. The energy peak of the unfiltered case is annotated in Fig-
ure 6 (x symbols) as defined in Figure 5. As expected, the rel-
atively small filter length [T ~ 30 exhibits little attenuation of
energy as shown in Figure 6(a). However, the spatial attenua-
tion becomes evident at larger It in particular, when the filter
length exceeds I > 99, in which case the center of the missing
energy almost completely overlaps with the energy peak loca-
tion of the unfiltered case, and the fluctuations are massively
under-resolved.

Spatially averaging of DNS grids in the spanwise direction will
filter out certain turbulent structures. When considering the 2D
energy spectra as shown in Figures 5 and 6, it is important to re-
alize that this spanwise filter will also have an effect in A,. Near
the wall, turbulent streaky structures, that presumably account
for the energetic peak marked by the x symbol in Figure 5 (and
also the peak in broadband variance in Figure 2), have a length-
to-width aspect ratio of approximately 8:1. We might also ex-
pect the spanwise boxcar filter to strongly affect scales up to
twice the filter [16]. These approximate rules of thumb, permit
us to demarcate a nominal zone in the 2D spectra, within which
we would expect to see strong attenuation of energy. These lim-
its are marked by the dashed lines in Figure 5 and 6. Clearly, in
Figure 5, the energy within this region is substantially attenu-
ated, and hence the missing energy shown in Figure 6 is pre-
dominantly contained within this region.

Insufficient //d would be expected to effect the temporal re-
sponse of the sensor [2], and would further shift this region
where we expect substantial attenuation to the right (to higher



A5). The effect of //d is the next step required of this re-
search, based on both an analysis of the temporally resolved
DNS data with a modeled cold-wire probe and anemometer, and
also experimental measurement in a heated smooth wall turbu-
lent boundary layer with different cold-wire sensors of matched
I and varying [ /d.
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Figure 6. Pre-multiplied two-dimensional missing energy spectra () of
temperature at z* ~ 18 for (a) [T ~ 30 (b) [T ~ 59, (¢) I" ~ 99, and (d)
I =~ 148. Contours are from ), = 0.2 with increments of 0.2. Horizontal
and vertical dashed lines show A} = 2I* and A} = 161" respectively.
The x symbol is at the energy peak at A ~ 800 and A, =~ 110.

Conclusions

A DNS database of forced convective heat transfer within a
smooth wall turbulent channel flow has been used to inves-
tigate issues of spatial attenuation associated with measure-
ments of temperature fluctuations using cold-wire sensors. Over
smooth surfaces and with air as the working fluid (Pr = 0.71),
spatial attenuation of resolved temperature fluctuations due to
finite dimension cold-wire sensors behaves very similarly to
the attenuation of velocity fluctuations with hot-wire sensors.
For rough heated surfaces, where Reynolds analogy is known
to break down [12], there will be increasing differences be-
tween the attenuation behavior of hot-wires and cold-wires at
matched viscous-scaled sensor length. The strictest requirement
for small scale sensors occurs near the wall, where /T < 20 is re-
quired for errors of less than 10% in broadband intensity. If our
interests lie in the larger scale turbulent fluctuations in the log-
arithmic region, however, the results here suggest that a probe
of length I™ ~ 40 will have an approximate error in broadband
energy of 10% at z© = 100. Pre-multiplied two-dimensional
energy spectra suggest that a probe of length / will severely fil-
ter temperature fluctuations that have a spanwise wavelength
Ay < 21 and/or a streamwise wavelength A, < 16/. The true per-
formance of a cold-wire sensor is a compromise between spatial
and temporal resolution. The next step in this research will be
to test the effect of end-conduction effects (due to insufficient
1/d) on the two-dimensional energy spectra of temperature fluc-
tuations, with the overall aim of designing optimal cold-wire
sensors to minimize attenuation for resolving specified turbu-
lent scales of temperature fluctuations at given wall-normal lo-

cations within the thermal turbulent boundary layer.
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