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over a wide range of Reynolds numbers. A database for a 
canonical turbulent boundary layer and associated MAT-
LAB function are provided that enable this missing energy 
to be calculated across a range of interrogation volume 
sizes, so that users do not require access to raw DNS data. 
This methodology and tool will provide PIV practitioners, 
investigating canonical wall-bounded turbulent flow with a 
convenient check of the effects of spatial resolution on a 
given experiment.

1 Introduction

Spatial attenuation in turbulence measurements due to the 
limited resolvable scale is a well-known issue in measure-
ments of wall-bounded turbulence. The energy contribution 
from smaller scale eddies is often under-resolved in experi-
ments, causing an underestimation of the measured turbu-
lence intensities. This problem arises because of the finite 
effective sensor size. For hot-wire anemometry (HWA), 
the averaging occurs along the wire length, and for parti-
cle image velocimetry (PIV) the averaging occurs within 
the interrogation volume (Adrian and Westerweel 2011). 
Extensive reviews on spatial resolution effects have been 
performed for the HWA (Johansson and Alfredsson 1983; 
Ligrani and Bradshaw 1987; Hutchins et al. 2009; Ng et al. 
2011) as well as using direct numerical simulations (DNS) 
(Philip et al. 2013b, a). Since PIV has become an impor-
tant tool in turbulence research, the effects of volumetric 
averaging on the measured turbulence statistics have also 
been assessed and reported in more recent years (Kähler 
et al. 2006). Segalini et al. (2014) have recently suggested 
corrections for coarse-resolution PIV. They provided a the-
oretical model which estimates the effect of an interroga-
tion region in measured statistics based on an assumption 
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intensity obtained from experiments in wall-bounded tur-
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pose a robust technique to validate the under-resolved PIV 
obtained turbulence intensity profiles for canonical wall-
bounded turbulence. This validation scheme is independent 
of Reynolds number and does not rely on empirical func-
tions. It is based on arguments that (1) the viscous-scaled 
small-scale turbulence energy is invariant with Reynolds 
number and that (2) the spatially under-resolved measure-
ment is sufficient to capture the large-scale energy. This 
then suggests that we can estimate the missing energy from 
volume-filtered DNS data at much lower Reynolds num-
bers. Good agreement is found between the experimental 
results and estimation profiles for all three velocity compo-
nents, demonstrating that the estimation tool successfully 
computes the missing energy for given spatial resolutions 
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that flows are homogeneous within the interrogation region. 
It has also been shown that applying a spatial filter on 
DNS data at a matched Reynolds number to experiments 
simulates the PIV spatial resolution effects quite well (Sai-
krishnan et al. 2006; Lavoie et al. 2007; Worth et al. 2010; 
Buxton et al. 2011; de Silva et al. 2012). It is important to 
note that these findings are obtained by directly compar-
ing statistics of experiments and DNS data at an equivalent 
Reynolds number, and hence would not currently be an 
option for high Reynolds number experiments.

Many researchers have attempted to formulate cor-
rection schemes for the streamwise turbulence inten-
sity acquired in under-resolved experiments. One of the 
widely used correction schemes for HWA measurements 
is that proposed by Wyngaard (1968), which is based on 
the assumption of isotropic turbulence. However, wall-
bounded flows are strongly anisotropic in the near-wall 
region. Following the development of DNS, Suzuki and 
Kasagi (1992) investigated the effect of spatial resolution 
for ×-wire probes utilising DNS channel flow and proposed 
a correction method based on the two-point correlation 
functions. More recently, Segalini et al. (2011) proposed a 
correction scheme using two single hot-wire probes of dif-
ferent lengths required to compute the two-point correla-
tion function of the streamwise velocity component. This 
technique is applicable in any turbulent flow when the flow 
is statistically homogeneous in the wire-length direction. 
Chin et al. (2011) used a DNS dataset of a fully developed 
channel flow data to examine the spatial attenuation effects 
of HWA on streamwise turbulence intensity and energy 
spectra. They proposed an empirical missing energy model 
from the two-dimensional spectra. Further to this, Smits 
et al. (2011) have presented a correction scheme on the 
basis of the attached eddy hypothesis. The correction pro-
vides a functional form for the unresolved streamwise tur-
bulence intensity when spatially averaged in the spanwise 
direction due to sensor size of a single-normal hot-wire.

In this study, instead of proposing a further correction 
scheme, we attempt to provide a diagnostic tool to estimate 
the amount of missing energy of experimental data over a 
wide range of Reynolds numbers. This can serve as a use-
ful validation tool for checking that the under-resolved PIV 
measurements are measuring accurate statistics, when one 
accounts for spatial resolution effects. This forms a veri-
fication that the PIV experiment is not beset by further 
problems. Throughout this paper, x, y and z represent the 
streamwise, spanwise and wall-normal directions, with 
u, v and w denoting the fluctuating velocity components, 
respectively. Overbars (e.g. u2

+
) and capitalised velocities 

(e.g. U) indicate time-averaged quantities. The superscript 
‘+’ is used to denote quantities normalised by viscous scal-
ing (e.g. z+ = zUτ /ν and U+ = U/Uτ, where Uτ is the 
friction velocity and ν is the kinematic viscosity.)

2  Estimation technique

In addressing the reason for the near-wall peak scatter of 
pre-existing HWA data, Hutchins et al. (2009) decom-
posed the streamwise turbulence intensity into contribu-
tions from the small- and large-scale fluctuations. This 
was performed for two different Reynolds numbers Reτ ≈ 
7300 and 14,000, and also with two matched inner-scaled 
hot-wire lengths (l+ = lUτ /ν = 22 and 79, where l is the 
wire length). These decomposed streamwise turbulence 
intensity profiles are reproduced from Hutchins et al. 
(2009) and shown in Fig. 1. The symbol shapes denote 
Reynolds number (triangles for Reτ = 7300 and circles for 
Reτ = 14,000 ), and the colour denotes l+ (blue for l+ = 22 
and red for l+ = 79). Figure 1a highlights that the meas-
ured small-scale energy is invariant with Reynolds num-
ber. The l+ = 22 wire (blue symbol) measures the same 
inner-scaled small-scale contribution for Reτ ≈ 7300 (△) 
and 14,000 (◦). The l+ = 79 wire (red symbol) also meas-
ures the same small-scale contribution for both Reynolds 
numbers, albeit at a more attenuated energy level than the 
smaller wire length. The results indicate that the inner-
scaled small-scale energy contributions are invariant with 
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Fig. 1  Inner-scaled streamwise turbulence intensity profiles decom-
posed into a small-scale (�+x < 7000) and b large-scale components 
(�+x > 7000) for two different Reynolds numbers Reτ ≈ 7300 and 
14,000. �+x  is the inner-scaled streamwise wavelength of Fourier-
decomposed fluctuations. triangle, circle represent Reτ ≈ 7300 and 
14,000, respectively. The blue and red symbols indicate the turbu-
lence intensity profiles measured with inner-scaled hot-wire lengths 
of l+ = 22 and l+ = 79, respectively. Reproduced from Hutchins 
et al. (2009, figure 7)



Exp Fluids (2016) 57:129 

1 3

Page 3 of 11 129

Reynolds numbers, and are only affected by an inner-scaled 
spatial resolution. On the other hand, the large-scale contri-
butions shown in Fig. 1b seem to increase with Reynolds 
number and are unaffected by spatial resolution. These 
observations from Hutchins et al. (2009) are important, 
since this invariance of inner-scaled small-scale contribu-
tion with Reynolds number allows us to apply the miss-
ing energy obtained from a lower Reynolds number DNS 
dataset to higher Reynolds number flows. The suggestion 
here is that the Reynolds number trend is predominantly 
contained within the large-scale energy, which within rea-
son, will be relatively immune to issues of spatial resolu-
tion. As a result, one can surmise that the amount of spatial 
attenuation for a given interrogation volume in a PIV meas-
urement at high Reynolds number, could be estimated by 
simply calculating the missing small-scale energy associ-
ated with the same interrogation volume as evaluated from 
a lower Reynolds number DNS dataset. This is the prem-
ise for the current method. Though Fig. 1 only shows this 
Reynolds number invariance of small-scale energy for the u 
component, recent results from Baidya (2016) indicate that 
the same is also true for v and w components, and as such 
the proposed scheme should be capable of estimating miss-
ing small-scale energy for all three components of Reyn-
olds stress. As an additional note, Fig. 1 and the results of 
Baidya (2016) are for a developing zero-pressure-gradient 
turbulent boundary layer; however, Ng et al. (2011) have 
shown a similar result for turbulent channel flows over a 
range of Reynolds number (1000 � Reτ � 3000), indicat-
ing that the current estimation scheme could be extended to 
internal geometries.

It is important to note from Fig. 1a that there are small 
differences between the small-scale energy for the two 
Reynolds numbers at matched l+ for z/δ > 0.5. This would 
suggest that missing energy evaluated from a DNS data-
base, at say Reτ = 1000, could only be accurately applied 
at higher Reynolds numbers for z+ � 500. However, again 
a cursory inspection of the difference between the l+ = 22 
and + = 79 data (blue and red data) on Fig. 1a, suggests 
that realistic spatial resolutions, the missing energy would 
be rather small at this wall-normal location.

Here, we use the Reynolds number invariance argu-
ment of the inner-scaled small-scale energy to estimate 
the amount of attenuation in the Reynolds stresses due to a 
given interrogation volume. The method of estimating the 
attenuation due to the spatial averaging and how it is used 
to validate experimental results is described in the follow-
ing steps and in Figs. 3 and 4 using the streamwise velocity 
component u2

+
. However, it is noted that the proposed cor-

rection will be the same for the other components of fluc-
tuating velocity. A turbulent boundary layer DNS field of 
Sillero et al. (2014) at Reτ ≈ 1500 is employed to simulate 
the influence of spatial resolution.

Step 1 The low Reynolds number turbulent boundary 
layer DNS fields are spatially volume filtered at the 
resolution of the experimental data �x+ ×�y+ ×�z+ . 
A schematic of the volume filter applied on the DNS 
datasets is shown in Fig. 2. The inner-scaled turbulence 
intensity profiles are then computed from these filtered 
fields. Figure 3a, b illustrates this step, showing the u 
variance profiles for the unfiltered DNS (u2

+
|DNS), and 

for the DNS filtered at the chosen interrogation volume 
size (u2

+
|DNSf), respectively.

Step 2 Subtracting the turbulence intensity profile of the 
filtered fields from the original DNS profile gives the 
missing small-scale energy owing to spatial resolution, 

where �u2
+
|SR+ is the ‘unresolved’ small-scale contri-

bution, which is universal with Reynolds number for a 
given inner-scaled spatial resolution. This process is 
illustrated in Fig. 3, with �u2

+
|SR+ shown in plot (c).

Step 3 The missing small-scale energy �u2
+
|SR+ com-

puted from the lower Reynolds number DNS data can 
then be subtracted from a reference turbulence intensity 
profile (u2

+
|FR) at a different (in this case higher) Reyn-

olds number to predict the variance profile that would be 
measured with the given spatial resolution. 

where u2
+
|Est is the predicted or estimated profile with 

a spatial resolution of �x+ ×�y+ ×�z+. Figure 4 
uses the fully resolved statistics u2

+
|FR from Eitel-

Amor et al. (2014) at Reτ ≈ 3000, and then uses the 
missing energy �u2

+
|SR+ calculated at Reτ = 1500 , 

to simulate the expected spatial attenuation at 
Reτ = 3000 due to the given resolution. A comparison 
between the well-resolved profile (solid line) and the 
‘attenuated’ estimation profile (dashed line) is shown in  
Fig. 4c.

(1)�u2
+
|SR+ = u2

+
|DNS − u2

+
|DNSf ,

(2)u2
+
|Est = u2

+
|FR −�u2

+
|SR+ ,

∆x+

∆z+

∆y+

Fig. 2  A schematic of a spatial volume filter applied on DNS vol-
umes. Here, �x+ ×�z+ and �y+ are used to simulate the interroga-
tion window and laser sheet of a PIV experiment, respectively
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2.1  Estimation for missing v2
+

 and w2
+

The current technique is based on the two observations 
from Hutchins et al. (2009), namely that (1) there is a Reyn-
olds number invariance of small-scale energy and (2) that 
within reasonable limits spatial resolution will only affect 
the small scales, and that even a spatially attenuated meas-
urement is sufficient to capture the large-scale (Reynolds 
number dependent) information. In the work by Hutchins 
et al. (2009), this was only demonstrated for the u com-
ponent. More recently, Baidya (2016) has shown that the 
same arguments hold for the v and w components. Baidya 
(2016) uses ×-wires to cover the Reynolds number range 
2500 � Reτ � 10,000 with matched inner-scaled sensor 

length (l+ ≈ 15), measuring all three velocity components. 
Using a similar large- and small-scale decomposition to 
Hutchins et al. (2009), it is demonstrated that the v and w 
components exhibit similar trends (small-scale invariance 
with Reynolds numbers, and Reynolds number trend cap-
tured by large scale). These observations suggest that the 

estimation technique proposed above for missing u2
+

 can 

be extended to v2
+

 and w2
+

. It is also likely that this tech-
nique can be expanded to the Reynolds shear stress uw, 
since the uw co-spectra also appear to exhibit a small-scale 
invariance with Reynolds numbers (Chin et al. 2014; Baidya 
2016). However, at the present time, we lack a well-resolved 
uw+ reference at high Reynolds number to confirm this 
argument.

Fig. 3  Missing energy estimation method. a Fully resolved DNS 
statistic. b Statistic from filtered DNS fields. c Missing small-scale 

energy �u2
+
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 due to inner-scaled spatial resolution
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Fig. 4  Estimating ‘attenuated’ turbulence intensity profile at a higher 
Reynolds number using previously computed missing energy in Fig. 3. 

a Well-resolved reference statistic of Reτ ≈ 3000. b �u2
+
|SR+ cal-

culated from Reτ ≈ 1500. c Comparing the ‘under-resolved’ statistic 
(dashed line) against the fully resolved statistic (solid line)
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The novelty of the current technique is that it provides 
missing energy profiles of a given inner-scaled spatial res-
olution (which could be one-, two- or three-dimensional 
averaging), for all three velocity components across a wide 
range of Reynolds numbers. A comparison of the turbu-
lence intensity profiles between the attenuated experimen-
tal results and the ‘attenuated’ estimation profiles can be 
made, indicating the validity of the PIV measured statistics. 
Certainly this comparison can be used to assess whether the 
attenuation observed in the turbulence intensity profiles of 
the experimental results is caused by the spatial averaging 
or other experimental uncertainties such as issues with the 
test facility or experimental setup. The technique described 
in this section utilises a canonical turbulent boundary layer 
as an example. However, the current method is also appli-
cable for internal geometries such as pipes and channels, to 
obtain the missing small-scale energy of the internal flows.

3  Experiment and discussion

To test the aforementioned estimation method, we use 
PIV datasets from towed plate experiments performed 
in a tow tank facility at the University of Melbourne. A 
5.0-m-long flat plate is towed at 1 m/s using a fully auto-
mated traversing carriage. A spatially developing turbulent 
boundary layer is formed on the flat plate which is towed 
past a stationary PIV system which measures instantane-
ous streamwise−wall-normal plane of data with Reynolds 
numbers in the range of 900 � Reτ � 2500. Table 1 pro-
vides experimental parameters. Uplate is the plate velocity 
and xplate is the streamwise distance downstream of the trip 
device. Both of Uτ and δ are determined from the compos-
ite velocity profile of Chauhan et al. (2009). More details 
of the facility and the experimental setup can be found in 
Lee et al. (2014). The obtained images are processed using 
an in-house PIV package. A final interrogation window size 
of 32 × 32 pixels is employed for these experiments, yield-
ing a spatial resolution of approximately 50 × 50 viscous 

units. The lightsheet thickness is estimated at 1.5 mm or 
50 viscous units. Further details on the PIV processing 
algorithms and calibration technique are documented in 
de Silva et al. (2014).

Figure 5a shows viscous-scaled mean streamwise veloc-
ity profiles at four selected Reynolds numbers acquired 
from the towing plate PIV measurements (Reτ ≈ 900, 
1500, 2000 and 2500), together with the reference statistics 
from turbulent boundary layer simulation datasets of Eitel-
Amor et al. (2014) at comparable Reynolds numbers. For 
clarity of presentation, the data points are down-sampled 
and logarithmically spaced. Good collapse in the stream-
wise mean velocity profiles between the experimental and 
simulation results from z+ ≈ 100 to the wake region is 
observed. However, comparisons of turbulence intensity 
profiles for the streamwise and wall-normal components 
shown in Fig. 5b, c show a large discrepancy between PIV 
and simulation. Hence, if careful assessment of these dis-
crepancies is desired, the proposed estimation technique 
described in Sect. 2 can be performed.

Here, DNS volumes of the turbulent boundary layer at 
Reτ = 1500 (Sillero et al. 2014) are volume filtered with 
matched �x+ ×�y+ ×�z+ to the PIV measurements at 
four different Reynolds numbers (listed in Table 1). A fil-
ter size of 50 viscous units is used in the spanwise direc-
tion to account for the laser sheet thickness. Thus, the 
magnitude of the small-scale missing variance can be 
computed for the streamwise (�u2

+
|SR+) and wall-normal 

(�w2
+
|SR+ ) components using Eq. (1). These missing 

energy profiles are then subtracted from the reference pro-
files from Eitel-Amor et al. (2014) to produce the ‘attenu-

ated’ estimation profiles (u2
+
|Est and w2

+
|Est) purely due 

to the spatial averaging as shown in Eq. (2). Note that the 
statistics from Eitel-Amor et al. (2014) are employed since 
the fully resolved turbulence intensity profiles are available 
at matched Reynolds numbers to the current PIV experi-
ments. The resulting estimation profiles for the streamwise 
and wall-normal components are shown using dashed lines 
in Fig. 6 and compared against the towing plate PIV experi-
mental results (symbols). The grey lines in the plot repre-
sent the reference statistics. Figure 6 presents good agree-
ment between the experimental and the estimated statistics 
throughout the boundary layer for both the streamwise 
and wall-normal components. Therefore, the discrepancy 
between the experimental and fully resolved turbulence 
intensities can now be attributed to the under-resolved 
small-scale energy contribution. The direct comparison 
between these profiles confirms the invariance of the inner-
scaled small-scale energy across Reynolds numbers, since 
the small-scale missing variance for both u and w compo-
nents obtained from DNS datasets at Reτ ≈ 1500 success-
fully estimate the spatial attenuations in Reynolds stresses 

Table 1  Experimental parameters for the towed plate experiment

Plate velocity (Uplate) 1.0 m/s

Laser sheet thickness 1.5 mm (≈ 50 viscous units)

xplate (m) Reτ δ (mm) Interrogation window 
size

Pixel Viscous units

� 0.5 890 22 32 × 32 50 × 50

▽ 1.5 1556 41 32 × 32 47 × 47

◦ 2.5 2092 57 32 × 32 46 × 46

△ 3.5 2589 73 32 × 32 44 × 44



 Exp Fluids (2016) 57:129

1 3

129 Page 6 of 11

for the range of Reynolds numbers considered. Though 

Fig. 6 only shows validations for u2
+

 and w2
+

, the same 
technique has been applied to a further in-house PIV exper-

iment to verify that the obtained spanwise variance v2
+

 is 
reasonable, with similarly convincing results.

To further assess the applicability of the estimation scheme 
in higher Reynolds numbers, planar PIV data of turbulent 
boundary layers at Reτ ≈ 6700 from de Silva et al. (2015) 
are used. This dataset has a spatial resolution of 75 × 67 × 
75 (�x+ ×�y+ ×�z+) viscous units. Since fully resolved 
statistics from DNS at this Reynolds number are not cur-
rently available, well- but not fully resolved measurements 
such as from HWA can be used to produce the estimated 
profile u2

+
|Est. Here, we take single-normal hot-wire vari-

ance u2
+
|hw from Marusic et al. (2015) at the same Reyn-

olds number, which measured with wire length of 22 viscous 
units. Therefore, we must first account for the missing energy 
due to the wire length to obtain u2

+
|FR profile. That is,

where �u2
+
|l+ is its corresponding unresolved small-scale 

energy due to the wire length l+. In this case, one could 
choose from any of the myriad correction schemes for sin-
gle-normal hot-wires from existing literature for u2

+
 (e.g. 

Smits et al. 2011; Chin et al. 2011). Alternatively, we can just 
modify our scheme with �y+ = l+ and �x+ = �z+ = 0 
and filter low Reynolds number DNS fields to simulate the 
hot-wire measurement. Hence, subtracting the filtered from 
the unfiltered DNS gives �u2

+
|l+ . This then can be added 

to the measured u2
+
|hw to produce a reference profile at this 

Reynolds number. In short, if we wish to compare the PIV 
to a better resolved measurement (such as HWA), we must 
account the missing energy from both measurements. Here, 
we use the current scheme and Eq. (3) to obtain a pseudo 
fully resolved turbulent intensity profile at Reτ ≈ 6700, and 
then the steps described in Sect. 2 are applied to compute the 
estimation profile (dashed line) as shown in Fig. 7. The com-
parison between the estimation and the PIV profiles shows 
good collapse, indicating that the missing energy (�u2

+
|SR+)  

acquired from the lower Reynolds number DNS volume pro-
vides a good approximation of missing small-scale contribu-
tion even at much higher Reynolds number. This result gives 
confidence that the proposed methodology can be applied to 
a wide range of Reynolds numbers.

The following section outlines a database of inner-scaled 
small-scale missing energy profiles that we provide, for all 
three velocity components as a function of spatial resolution.

4  Missing energy database for a turbulent 
boundary layer

The steps to obtain the missing small-scale energy for 
a given spatial resolution by spatially filtering the DNS 

(3)u2
+
|FR = u2

+
|hw +�u2

+
|l+ ,
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Fig. 5  Comparison between experimental results and the refer-
ence statistics of Eitel-Amor et al. (2014) at matched Reynolds 
numbers. a Mean streamwise velocity, U+. The dashed line shows 
U+ = (1/0.384)ln(z+)+ 4.17. The dot–dashed line shows U+ = z+.  
b Streamwise turbulence intensity, u2

+
. c Wall-normal turbulence 

intensity w2
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volumes are described in detail in Sect. 2. To summarise, 
to use this estimation tool, one requires access to full DNS 
volumes within which a spatial filter must be applied with 
viscous-scaled dimensions matched to the spatial resolu-
tion of the experiment. Here, we attempt to provide a data-
base of missing small-scale energy profiles for u, v and w 
components across a reasonably inclusive parameter space 
of encountered spatial resolutions. The aim here is to pro-
vide a convenient tool for estimating missing energy due to 
finite resolution, without each user requiring access to full 
DNS fields. The database is obtained by spatially filtering 

a turbulent boundary layer DNS volume of Sillero et al. 
(2014) at Reτ ≈ 1500 with various filter sizes. A total num-
ber of 216 different filter size combinations based on the 
spatial resolutions listed in Table 2 are employed to generate 
the database. It should be noted that the filter size of zero 
in Table 2 indicates the original DNS volumes based on an 
assumption that the simulation is fully resolved. In addition, 
the largest filter size used in the database is approximately 
100 viscous units (≈0.07δ at Reτ = 1500) to minimise the 
filtering of any large-scale contribution in the current DNS 
datasets. If a higher Reynolds number database were avail-
able, this maximum filter size could be increased.

An interpolation method for computing the missing 
energy profiles for any spatial resolution (from unfil-
tered to approximately 100 viscous units in the x, y and 
z directions) is developed and a MATLAB script dem-
onstrating this interpolation is included as Supplemen-

tary information. Examples of the variation of �u2
+
|SR+ 

with spatial resolutions at different fixed wall heights is 
shown in Fig. 8. The data points indicate that an increase 
in the spatial filter size (in this case �z+) causes an 

Fig. 6  Comparison between experimental and estimation technique 
results for a streamwise and b wall-normal turbulence intensity pro-
files across measured Reynolds numbers. Dashed lines indicate 

‘under-resolved’ estimated statistics. Grey lines are the well-resolved 
correspondence of Eitel-Amor et al. (2014)
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Fig. 7  Comparison of planar PIV, HWA experiments and estima-
tion at Reτ ≈ 6700 for u2

+
. The solid line represents hot-wire data 

from Marusic et al. (2015), the diamond symbol indicates PIV data 
from de Silva et al. (2015), and the dashed line shows the estimation 
obtained using the hot-wire data (using Eq. 3)

Table 2  Inner-scaled filter sizes applied on the DNS volumes of a 
turbulent boundary layer (applied in all combinations)

Spatial filter sizes in viscous units

�x
+ 0 20.1 40.2 60.3 80.4 100.5

�y
+ 0 22.8 45.6 68.4 91.2 114.0

�z
+ 0 20 40 60 80 100
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approximately linear increase in the missing energy for 
a given fixed wall height. This suggests that the linear 
interpolation scheme across this database can be used to 
estimate a missing energy at a particular wall position 
for any given effective spatial resolution/interrogation 
volume. Figure 9 compares the missing energy profiles 
obtained by directly filtering the DNS volumes at a spe-
cific interrogation volume size and the results from lin-
ear interpolation method for two different spatial resolu-
tion examples for u and w components. A good collapse 
between the direct filtering (solid line) and the interpo-
lated values (symbols) is observed throughout the bound-
ary layer, suggesting that the provided database and the 
linear interpolation scheme are sufficient to estimate 
a missing energy profile for a given spatial resolution. 

Similar collapses are observed across the entire range 
of filter sizes and also for all velocity components u, v 
and w. The missing energy profiles for the streamwise 
velocity component �u2

+
|SR+ (shown in Fig. 9) are remi-

niscent of the inverse z+ dependence of the unresolved 
energy discussed by Smits et al. (2011). In their method, 
they provide a simple functional form to correct the atten-
uated streamwise variance. This functional form requires 
a pre-factor that considers 1-D averaging in the spanwise 
direction of the single-normal hot-wire length l+. How-
ever, in the presence of 3-D volume averaging, formulat-
ing a functional form that involves �x+, �y+ and �z+ is 
not trivial. In addition, the missing energy profiles for the 
wall-normal component �w2

+
|SR+ shown in Fig. 9 do not 
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seem to follow the inverse z+ dependence. Therefore, we 
choose to provide the missing energy database as a look-
up table. The merit of this database is that it covers the 
scenario of all three velocity components for any given 
averaging dimension.

This database and interpolation scheme also enable the 
missing energy from a single-point measurement such as 
a hot-wire sensor to be calculated. A single-normal wire 
filters the data in a single direction (along the length of 
the sensor element l+). Single-normal wires are typically 
oriented along the spanwise direction y. Hence, for this 
case, the database of missing energy and the interpolation 
method can be used, with a filter size of 0× l+ × 0 to esti-
mate the missing energy due to this spatial resolution of 

the hot-wire �u2
+
|l+. As shown in Eq. (3), �u2

+
|l+ can be 

added to a turbulence intensity profile from hot-wire exper-
iments to generate a reference (unattenuated) profile at a 
high Reynolds number.

In this study, the missing energy database is developed 
from a DNS database of a developing turbulent boundary 
layer (Sillero et al. 2014). However, one would expect that 
for the streamwise component u, this method could also 
be applied to internal wall-bounded turbulent flows. It has 
been documented that the small-scale near-wall u energy 
content for internal and external geometries are quite simi-
lar (Monty et al. 2009). However, differences have been 
noted between the broadband intensity profiles of internal 
and external geometries for v and w components (Jiménez 
and Hoyas 2008). This suggests that for these components 
for internal geometries, a different missing energy database 
(based on channel DNS) would need to be formulated.

5  Conclusions

An estimation method that predicts the small-scale missing 
energy which is unresolved due to limited spatial resolu-
tion in PIV experiments is proposed. The missing energy is 
estimated using a lower Reynolds number DNS dataset and 
applied to higher Reynolds numbers dataset. The method is 
based on the Reynolds number invariance argument of the 
inner-scaled small-scale contribution observed by Hutchins 

et al. (2009). Good agreement between the experimen-
tal results and estimation profiles are observed, showing 
that the estimation tool successfully computes the missing 
energy for given spatial resolutions over a wide range of 
Reynolds numbers. A comparison between estimation and 
experimental results can be used to diagnose whether PIV 
statistics are beset by some wider issue, and also provides 
a sanity check of the expected degree of spatial attenuation. 
For convenience, a database covering the parameter space 
of likely interrogation volumes is computed, and a linear 
interpolation tool is provided that enables the convenient 
calculation of missing energy for PIV practitioners without 
the need to access DNS data. Throughout this study, we are 
limited to investigating two-dimensional streamwise/wall-
normal PIV planes in a turbulent boundary layer based on 
the experimental datasets. However, this tool can be appli-
cable to other configurations of PIV such as tomographic 
PIV or wall-parallel plane or cross-stream plane.
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Appendix

For a turbulent boundary layer, a database of the missing 
energy profiles for u, v and w components with various spa-
tial resolutions (listed in Table 2) is provided as supplemen-
tary information. This database is in the form of a .mat 
file (348_2016_2209_MOESM1_ESM.mat) which con-
tains missing u, v and w energy (SR_u_DB, SR_v_DB, 
SR_w_DB) in the form of 4D matrices (1000, 6, 6, 6) which 
have data pertaining to (z+, �x+, �y+, �z+). An example 
MATLAB function below provides an example of how this 
database can be used to estimate the missing energy due to 
a given spatial resolution. SRdiff is the missing energy 

�u2
+
|SR+ (or the other components) estimated for a given 

resolution (SR_x, SR_y, SR_z = �x+,�y+,�z+) at 
given wall heights (zexp which is a vector of z+ locations 
at which SRdiff is required).

The following is an example matlab script
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