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Abstract

In this study, the effect of limited spatial resolu-
tion of hot wire anemometry (HWA) is investigated
through analysis of the two dimensional energy spec-
tra from direct numerical simulation (DNS) of turbu-
lent channel flow atRe, ~ 934. Various spanwise
filter lengths are applied to the streamwise velocity
component in order to mimic the spatial resolution of
the HWA experiments. The overall effect of insuffi-
cient spatial resolution causes attenuation of the small-
scale energy levels in experimental data. The attenu-
ated energy clearly increases as the wire-length is in-
creased and the filtered DNS results show good agree
ment. It is shown that small-scale energy levels are
highly attenuated in the near-wall region. We intro-
duce an empirical expression to estimate the amoun
of the missing energy as a function of wire length and
wall-normal distance. This expression can be used to
correct experimental data for the effects of attenuation
due to spatial resolution to obtain a more accurate en-
ergy spectra and turbulence intensity.

1 Introduction

Despite the rapid progression of computational
technology which is promoting more DNS of fully
developed turbulent flow to be carried out, experi-
ments are still leading the way for high Reynolds num-
ber turbulent flow research. Some of the more com-
mon experimental techniques include laser doppler
velocimetry (LDV) (Durst et al (1976)), particle im-
age velocimetry (PIV) (Adrian (1991)) and hot wire
anemometry (HWA). Despite advances in LDV and
PIV, HWA is arguably the most accurate experimen-
tal method for measurement of turbulent fluctuation

offering an unsurpassed temporal and spatial resolu-

tion. However, there are at high Reynolds number, in-
evitable spatial resolution issues associated with HWA

that have led to inconsistent data being reported in the

open literature by different groups of researchers. The
earliest report on spatial resolution effects on HWA ex-
perimental measurements is by Dryden et al (1937).
This work was later extended by other workers like
Frenkiel (1949), Wyngaard (1968), Johansson and Al-
fredsson (1983), Ligrani and Bradshaw (1987), Cit-

riniti and George (1997), Chew et al (1998) and re-
cently Hutchins et al (2009). Of these studies, the
most well-known and well-cited study is by Ligrani
and Bradshaw (1987) henceforth referred to as LB87.
They carried out extensive investigations on the effects
of the viscous scaled length of single normal hot-
wire sensors and the hot-wire length to hot-wire diam-
eter {/d). The symbol" denotes scaling with viscous
length scaley /U, wherev is the kinematic viscosity
andU. is the friction velocity. Readers are referred to
the paper by LB87 for detailed results. The effects of
spatial resolution has lead workers to formulate cor-
rections to obtain ‘true’ turbulence statistics. Elsner et

al (1993) proposed a theoretical correction for HWA
measurements. With the advent of moderate Reynolds

{number DNS, Burattini et al (2007) conducted a study

utilizing DNS data of isotropic turbulence to correct
for under-resolved scalar measurement. Other pro-
posed corrections using DNS for HWA are reviewed
by Moin and Mahesh (1998). Correction methods
proposed by Elsner et al (1993) and Burattini et al
(2007) are based on the assumption of isotropic tur-
bulence. However it has long been known (see Kline
et al (1967)) that coherent motions in wall-bounded
turbulent flows can be highly anisotropic, hence the
assumption of using isotropic turbulence to correct
hot-wire measurements would be incorrect. In order
to better understand the spatial resolution effects, one
would ideally require spanwise information pertaining
to the width of energetic fluctuations as compared to
the length of the hot-wire. It is very difficult for HWA
experiments to obtain spanwise information whereas
DNS data has such information readily available. We
will be using DNS data of turbulent channel flow by
del Alamo et al (2004) to investigate the effects of
spatial resolution. The DNS has a Reynolds number
Re, = U, /v = 934. The computational size of the
domainisL, X Ly X L, = 8¢ X 376 X 27, where

x, y & z denotes the streamwise, spanwise and wall-
normal directions and denotes half channel height.
The spatial resolutions in andy areAz™ ~ 7.6 and
Ayt ~ 3.8. Spacing in the wall-normal direction is in
Chebychev polynomials. Readers are referred to the
paper by deAlamo et al (2004) for more details of the
simulation. The averaging process and signal attenua-



tion encountered by different wire lengths in HWA is
simulated by applying a spanwise spatial averaging to
the DNS data. Given the spanwise spacing\af™

= 3.8 in the DNS data, filtering of the data will be re-
stricted to multiples ofAy ™. The filter lengths consid-

ered for this study range froif ~ 11.5 gAy™), 19.1
(5Ay™),34.4 0Ay™),57.3 (56Ay™), 103.2 R7Ay™)

and 149.0 §9Ay™). The process and methodology %
employed to filter the DNS data is similar to that of
Chin et al (2009). In this paper, we will investigate
the effects of spatial resolutions on turbulence statis-
tics and formulate an empirical correction which is a
function of wire length and wall normal distance to

RIS

model the missing spectra energy due to attenuation 10° 00+ 1¢ 10°

of the hot-wire signals. In addition, we will also ap-  Figure 1: Turbulence intensity profiles for different filer
ply the equations on experimental results to verify the lengths applied on DNS data; ~ 3.8 (), 11.5
validity. (), 19.1 ), 34.3 (+), 57.3 (1), 103.2 ¢ ) and

149.0 (), arrow indicates increasing filter length
. . (1), the dashed line is at™ ~ 15 .
2 Effectsof gpatial attenuation
The effect of insufficient spatial resolution on the
streamwise fluctuating velocity turbulence intensity
(u2/U?) is shown in figuré1l. In the figure, the dif- (i)
ferent profiles correspond to applying different span-

Filter length ~ Symbol u2 /U2
(attenuation, %)

wise filter lengths to the DNS data. The direction of 3.8 (unfiltered) A _
the arrow indicates increasing filter lengtlt), it can

be seen in figurg] 1 that increasing the filter length pro- 115 O 3.8
motes greater attenuation of the turbulence intensity, 191 * 9.8
especially in the near-wall region. As the wall-normal 34.4 + 23.5
distance increases, the effect of spatial resolution grad- 57.3 O 41.0
ually decreases and appears to diminish altogether as 103.2 . 61.2

the centre of the channéis approached. The dashed-
line is at wall-normal location* ~ 15, widely ac- 149.0 - 71.0
cepted as the peak in turbulence intensity. It is worth
noting that atz* ~ 15, the attenuation seems to be
the greatest. Tablel 1 summarizes the amount of at-
tenuation due to different filter lengths as compared
to the ‘true value’ from an ‘unfiltered’ wire-length of
It =3.8atz™ ~ 15. This result is as expected since 2.5
a finite wire-length will have greatest effect on small-
scales which are primarily dominant in the near wall
region. In order to illustrate this attenuation effect
on small-scales, we investigate the effects of spatial
resolution on the premultiled one-dimensional energy 1.5
spectra. The streamwise premultipled 1d spectra eﬁ%
ergy is calculated using the following formula, Tl o

Table 1: Tabulated attenuation in percentage(%) for differ
wire-lengths at™ = 15.

207

Yo (kzy 2) = ke (U(ky, 2)0" (ks 2)), 1)
057

wherek, is the streamwise wave numbets,denotes
spatial and temporal averagedenotes Fourier trans- | ‘ ‘
form of v and* denotes complex conjugate. Figure 102 L 10° 10t

shows the premultipled streamwise energy spectra Az

for 2+ ~ 15. Here the normalized energy spectra Figure 2: Premultipled streamwise one dimensional energy
Vuu /U2 is plotted as a function of streamwise wave- spectra at wall-normal locatioa”™ ~ 15 for dif-
length At (where\, = 27 /k,) for the same filter ferent filter-lengths. Symbols used are as fidre 1.
lengths as figurél1l. The figure clearly demonstrates

that longer filter lengths, filter increasing amounts of

small-scale energy from the spectra. The effect of




this attenuation of small-sclaes causes the peak of thewards a greater streamwise wavelengtfi)and also
energy spectra curves to shift towards a greater wave-towards a greater spanwise waveleng\tb)(as the fil-
length fromA =~ O(1000) (for [T = 3.8) to AT ~ ter length increases. This finding is consistent with
O(10000) (for I = 149.0). With DNS, we can ob- the results of increasing filter lengths on the 1d energy
tain more information of the attenuated energy spectra spectra shown in figurlg 2, whereby a pseudo peak is
as a function of both streamwisa() and spanwise  observed at increasing wavelengthg ass increased.
()\;) wavelengths. (The 1d energy spectra in figure 2 In experiments, such pseudo peaks can potentially be
is basically the spanwise integrand of the 2d energy misinterpreted, leading to misleading conclusions re-
spectra). FigurEl3 shows the premultipled streamwise garding the length of energetic fluctuations in the near
2d energy spectral(,,,) for different filter lengths at ~ wall. Together figuré]l t6]13 emphasize the fact that
wall-normal location of:* =~ 15. Figurd B (a) shows spatial resolution of hot-wire data has significant ef-
the unfiltered [~ ~ 3.8) 2d energy spectra, figuré 3 fect on turbulence statistics and should be accounted
(b) and (c) shows the filtered energy at filter lengths for when interpreting results.

of I ~ 34.4 and 57.3 respectively. Figurk 3 clearly
shows that a longer filter length attenuates more en-3 Missing Energy Model
ergy. The energy attenuated seem to be fully confined i ) .

to smaller wavelengths and will be discussed further ~ With & clearer understanding of where the miss-
in the section 3. This attenuation of the small-scales INd energy is located on a 2d spectra map, one could
causes a shifts in the peak. This is illustrated with the Potentially be able to model it. Figufé 4 shows the
“+' symbol chosen at an arbitrary location af = missing premulitpled 2d energy spectra using a filter

1100 and\} = 200. We noticed the peak shifts to- length ofl/™ ~ 57.3 at different wall-normal locations.
Y The missing energy is calculated based on the differ-

ence between the unfiltered 2d energy spectra and the
103t (a) specified filtered 2d energy spectra. Fidure 4 (a) shows
the missing energy at™ ~ 55, (b) atz* ~ 103, (c)

N atz* ~ 184 and (d) at* ~ 232. It is apparent that
Ay @ the missing energy is concentrated within the smaller
10° length scales at these wall-normal locations. The miss-

ing energy is greater in the streamwise length scale
(A\}) than the corresponding spanwise length scale
()\zj). This shows that the attenuated energy is highly

10 anisotropic and correction models (as discussed ear-

10 (b) lier) which are based on the assumption of isotropic
turbulence are unlikely to work. From figuré 4, the
missing energy seems to resemble a Gaussian distribu-

)‘;r @ tion which is slightly rotated in the counter-clockwise

10° direction. It is important to note that the peak of the
missing 2d energy spectra shifts slightly as the wall-
normal distance increases (from figlite 4 (a}lto 4 (b)),
but as the wall-normal distance exceeds ~ 117,

10 ‘ ‘ ‘ the peak seems to settle (at locativh ~ 250 and

100} (¢) Af ~ 120 as indicated by the ‘+" symbol). Figuré 4
indicates that beyond* = 100, the location of the
peak 2d missing energy remains stationary and only

/\;j the magnitudes decreases. The magnitude of the miss-

102 ing energy seems to stabilize for > 184. This is

expected as large-scale motions are predominantin the
outer flow region and the effect of spatial resolution is
largely limited to attenuation of small-scale energy.
10* 102 N 10° 10t The model is applicable for correction up to wire-
Ag lengths of /™ =~ 60. This is the maximum filter
length applied so far to the DNS data to obtain the
2d missing energy spectra, from which the model is
filtered), (b)i* ~ 34.4 and (c)* ~ 57.3. The formulated. However, .in theory,. the model should
symbol *+'is at locationA? = 1100 and\} = b(_e able to model spatial r_eso!utlon (_affects for hot-
200. Contour maps begin &t,. /U2 = 0.2 with wires of greater lengths (this will be discussed later).
increment of 0.25. The primary purpose of the correction model is to aid
experimentalists to obtain a better approximation of
the ‘true’ turbulent energy in situations where inade-

Figure 3: Premultipled streamwise two dimensional energy
spectra ¥.,../U?) at wall-normal locatiorz™ =
15 for different filter lengths of (a)™ ~ 3.8 (un-



guate spatial resolution is an unavoidable issue (i.e. at
high Reynolds numbers). The intention here is not to 108} (a)
encourage usage of large hot-wire lengths in experi-
ments. An empirical expression to model the missing \+
2d energy as a function of streamwise and spanwise Yy
wavelengths, wire-length and wall-normal distance is 107 |
derived in the form

FOF AT, 2T)

x ) Ny

:Aexp < |:(O[Oé0)2 + (5/80)2:|) ) (2) 101
(o o3 103 L (b)
The term A is a function of wall-normal and filter
length (A = f(z*,I")) and the exponential term es- o
sentially represents a skewed 2d gaussian bump. More Y
details of the constants will be in a forthcoming paper. 107 ¢ @
Once the 2d missing energy is obtained, one could eas-
ily integrate across the spanwise wavelength to obtain
the missing 1d streamwise energy spectra. The model

is formulated using DNS data at quite low Reynolds 10

number. However the true practicality of this model

would lie in the application to higher Reynolds num- 10°} (o)

ber flows. In an attempt to demonstrate this, the model

is used to correct boundary layer data of Hutchins et A+

al (2009) atRe, = 7400 and 14000 (which is al- Y @
most 8 to 15 times greater than Reynolds number of 10% ¢

the DNS). Figure§15 demonstrates how the missing
model can be used to correct 1d spectra at different
wall-normal locations and with different wire-lengths.

In the first column of figur&]5, the Reynolds number 10'
is Re, ~ 7400 at wall-normal locations oft ~ 25.

The second column shows results f@e, ~ 14000 10° 1 (d)

at z™ =~ 70. Figure b (a) shows the experimental re-

sults of 1d premultipled energy spectia,( /U?) for A+ .
three different hot-wire lengths éf ~ 11, 22 and 79 1'762 | &
(solid line, dashed line and dot-dash line respectively)

at Re, ~ 7400. Figurd b (b) shows similar data at

IT ~ 22,79 and 153 (solid line, dashed line and dot-

dash line respectively) foRe, =~ 14000. Together 10t

these plots clearly show the attenuation of the small- 107 AT 108 10
scales as the hot-wire length increases. The attenuatet%. ) . v
igure 4: Premultipled st

. . reamwise two dimensional missing
energy can be modeled using the integrand of equa-

energy spectrall,,,,/U2) at wall-normal location;

tion[2. Figurd’ (c) and (d) show the modeled missing (@) 2+ ~ 55, (b) 2" ~ 103, (¢)2" ~ 184 and
1d energy spectra according to the three different wire (d) 2+ ~ 232 for filter length ofi* ~ 57.3. The
lengths used. Figurlg 5 (e) and (f) are the corrected symbol ‘+' is at location\] = 250 and)\; =
spectra which essentially are obtained by adding the 120. Contour maps begin at 0.02 with increment
measured attenuated energy spectra curve (fldure 5 a of 0.02.

and b) with the modeled missing energy (figlite 5 ¢

and d). All corrected spectra seem to collapse reason-

ably well. Having validated the ability of the model

to correct the 1d energy spectra, we next extend thehot-wire lengths used are the same in figure 5. Figure
use of the missing energy model to correct the turbu-[@ (c) and (d) display the corrected turbulence inten-
lence intensities (the attenuated turbulence intensitiessities for Re, ~ 7400 and 14000 respectively. The
are the integrand of the missing 1d energy spectra orcorrected results seem to agree relatively well to the
the direct double integrand of equatidn 2). Again, we shortest hot-wire length profilé{ ~ 11 for Re, ~

will use the same experimental boundary layer data to 7400 andit ~ 22 for Re, ~ 14000). These find-
validate the model for turbulence intensity corrections. ings provide evidence that the missing energy model
Figure[® (a) and (b) shows the streamwise turbulenceformulated from low Reynolds number DNS can be
intensities forRe,, ~ 7400 and 14000 respectively, the accurately used to correct actual experimental results
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Figure 5: Comparison of corrected energy spectra. (a) bexp@rimental results, (c) missing energy from equdiion@ @)
the corrected energy spectra, at wall-normal location 25 for boundary layer experimental datafi, ~ 7390
for three different hot-wire lengths &t = 11 (red solid line- ), I™ ~ 22 (blue dashed-line—) andi!* = 79 (black
dot-dashed line- e —). (b) actual experimental results, (d) missing energy femuatio 2 and (f) the corrected
energy spectra att =~ 70 for Re, ~ 14000 using hot-wire lengths &t ~ 22 (red solid line— ), IT =~ 79 (blue
dashed-line-—) andi* ~ 153 (black dot-dashed line o —).

at far higher Reynolds numbers. and different wall-normal distances. The 2d missing
energy model can be integrated across the spanwise
length-scale to correct experimental 1d energy spec-

4  Conclusions tra results. A double integrand of the missing energy

This study investigated the effects of insufficient Mdel can be utilized to correct turbulence intensity
spatial resolution in HWA by applying a filtering profiles. Vahdauon of-the missing energy model is
method to DNS channel flow data. The results show Performed using experimental boundary layer data and
that attenuation of the turbulence intensity increases SNOWn to be suitable. Thisis in-spite of the fact that the
as the filter length increases. This attenuation is more €XPeriment is carried out at a much higher Reynolds
severe in the near-wall region, mainly because small- "umber. The ability of the model to work at higher
scales structures are more dominant in this region andR€ynelds number reinforces the finding of Hutchins et
as such this region is more susceptible to attenuation® (2009) who showed that viscous-scaled small-scale
due to insufficient spatial resolution. This attenuation EN€rgy is invariant with Reynolds number in the near-
of small-scales in the near-wall region is confirmed by Wall and logarithm regions. 1t is this viscous-scaled
the 1d and 2d filtered energy spectra. More impor- §mal|—scale attenuation that is modeled t.)y.the correc-
tantly, the energy spectra suggest that the large scaledion scheme. Only the large-scales exhibit Reynolds
are mostly unaffected by spatial resolution, which sug- NUmber variation, and these are shown to be largely
gest that a correction modeling viscous-scaled atten-mmune to spatial resolution effects.
uation could work at higher Reynolds numbers. An
empirical equation has been formulated to model the
missing 2d energy spectra for different filter length The authors are gratefully to Professor R D Moser
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