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Abstract

This study investigates the presence of zones of uniform stream-

wise momentum (or UMZs) across a range of Reynolds num-

bers in turbulent boundary layers, spanning more than an or-

der of magnitude (Reτ ≈ 103 − 104). A rigorous examination

of the identification criteria suggested by Adrian et al. [1] is

presented, and then employed to show that a zonal-like struc-

ture is prevalent in all datasets examined. Preliminary observa-

tions reveal further evidence of a hierarchical length scale dis-

tribution of structures within turbulent boundary layers, lead-

ing to zonal-like organisations. Interpretation of these results is

aided by employing synthetic velocity fields generated using the

attached-eddy model. The characteristics of the UMZs present

the model generated velocity fields are shown to qualitatively

match well with experimental results.

Introduction

The inhomogeneous nature of wall-turbulence lends itself to the

characterisation of the turbulence into structures, eddies or co-

herent motions. Recent summaries on these structural features

are discussed by Marusic and Adrian [7] and Herpin et al. [5].

A distinct feature reported in previous studies is the existence

of large and irregularly shaped regions of uniform streamwise

momentum (hereafter referred to as uniform momentum zones,

or UMZs). The presence of UMZs were first reported by Mein-

hart and Adrian [8], using particle image velocimetry (PIV) on

a streamwise (x), wall-normal (z) measurement plane. This

zonal-like structural arrangement is best described with refer-

ence to figure 1, where a randomly selected streamwise velocity

field (Ũ+) on a x− z plane is shown. Qualitatively, two regions

of relatively uniform streamwise momentum are observed, la-

belled À and Á, with sharp shear layers existing between these

regions.
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Figure 1. Colour contours of streamwise velocity (Ũ+) at Reτ ≈ 8000

from a single PIV frame. For this example two possible UMZs are

observed, labelled À and Á.

Encouraged by the observed presence of UMZs, Adrian et al.

[1] conducted an extensive study on these features using high

resolution PIV datasets in the x− z plane. Several significant

observations were made in this study across all Reynolds num-

bers considered (350 < Reτ < 2000). They showed that UMZs

are persistent for large streamwise lengths, on the order of the

boundary layer thickness (δ). Consequently, one would expect

UMZs to have a significant contribution to the structural or-

ganisation in a turbulent boundary layer. It was postulated that

these UMZs were closely linked with groups of hairpins, which

typically consist of seven or more hairpins spanning over large

streamwise lengths of O(δ). Qualitative observations showed

that UMZs are inclined at 12◦ (on average, varying between

3− 35◦) to the wall. Following Adrian et al. [1], Tomkins and

Adrian [12] performed a set of experiments on a x− y plane.

Here, the dominant motions were shown to be large scale low-

momentum zones elongated in the streamwise direction, which

are bordered by organised vortices. These results offered fur-

ther support for the zonal-like structure in turbulent boundary

layers.

The present study aims to analyse UMZs in turbulent bound-

ary layers using both experimental data and the attached-eddy

model. First, we examine a detection criteria for UMZs and re-

establish prior observations. Thereafter, the presence of UMZs

is investigated using recent experimental datasets spanning over

a decade of Reynolds numbers.

Experimental Setup

The present study utilises PIV databases, all acquired using

planar x− z orientations across a range of Reynolds numbers

from Reτ ≈ 1200− 14500. Key experimental parameters of the

databases are summarised in table 1. Further details on each

dataset can be found in their respective publications.

The analysis to follow relies on PIV datasets with adequate

spatial resolution and dynamic spatial range. Achieving this

is challenging for high Reynolds numbers since the range of

scales of turbulent motions becomes large. Therefore, the high

Reynolds number datasets employed in the present study utilise

a unique experimental configuration with multiple cameras to

obtain both a large field of view (streamwise extent > 2δ) with

targeted spatial resolution where it is most critical (closer to the

wall). The imaging system consists of eight PCO4000 cameras

(4008×2672 pixels, 2Hz) arranged in two horizontal rows (bot-

tom and top), giving a combined resolution of over 90 megapix-

els. The spatial resolution based on the interrogation window

size varies between the bottom (pixel size of 60µm) and top

(pixel size of 100µm) cameras due to different magnification

levels. However, we attain a vector spacing on the order of

the Kolmogorov scale (η) across the entire extent of the bound-

ary layer at an overlap of 50% based on the bottom cameras.

We note that the image particle diameter, seeding density and

particle displacement cannot be optimised for each magnifica-

tion level simultaneously. Instead, a compromise is made when

choosing these parameters to obtain reasonable accuracy at all

magnification levels. Further details on the experimental setup

can be found in de Silva et al. [3].

Experiment Reτ Lx×Lz ∆x+, ∆z+

Hambleton et al. [4] 1200 1.5δ×1.3δ 16×16

de Silva et al. [3] 8000 2δ×1.1δ 20×20

de Silva et al. [3] 14500 2δ×1.1δ 20×20

Table 1. Experimental parameters of the three PIV databases employed.

Lx and Lz correspond to the streamwise and wall-normal extent of the

field of view, respectively. ∆x+ and ∆z+ correspond to the vector spac-

ing. All datasets consist of over a thousand independent PIV frames.



Processing

The experimental data at Reτ ≈ 8000 and Reτ ≈ 14500 are pro-

cessed using an in-house PIV package [3]. To summarise, an

interrogation window size of approximately 40 (32 × 32 pix-

els) and 90 (48× 48 pixels) viscous units is used for the bot-

tom and top cameras, respectively at Reτ = 8000. In order to

closely match the spatial resolution across the Reynolds num-

bers studied, the interrogation window sizes are halved at the

higher Reynolds number studied. Furthermore, to maintain uni-

form vector spacing across the entire field of view (FOV), the

vector grid in real space is determined with an overlap of 50%

for the bottom cameras via a calibration process, after which

the vector spacing for the top cameras is matched to the bottom

cameras.

In order to capture a large FOV, lower magnification levels are

employed, which compromises the particle image size. This

leads to a pixel-locking in the dataset [2]. The detection criteria

employed to detect UMZs (to be discussed further) is sensitive

to any pixel-locking in PIV datasets, therefore it is necessary

to minimise this bias error. First, a filter based on a Gaussian

kernel is applied on the raw images, which has been shown to

reduce the severity of pixel-locking [2]. Furthermore, an inter-
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Ũ/U∞

p
d
f

Figure 2. Pdf of streamwise velocity (Ũ) at Reτ ≈ 8000 within the range

0 < z+ < 0.5δ across all PIV frames. Dashed and solid red lines (−− and

–) correspond to dataset obtained before and after using a Gaussian ker-

nel on image pairs and interrogation window deformation. Solid blue

line (–) corresponds to dataset after utilising the pixel-locking correc-

tions.
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Figure 3. Influence of streamwise domain length (Lx) on the number of detected modal velocities detected. (a) and (c) iso-contours of streamwise

velocity (Ũ) of the included region of a single PIV frame (colour), and omitted region in gray-scale. (b) and (d) pdf of Ũ/δ constructed using included

region indicated in (a) and (c), respectively. The (◦) symbols indicate the detected modal velocities. (a-b) corresponds to Lx ≈ 0.01δ and (c-d)

corresponds to Lx ≈ 0.5δ at Reτ ≈ 8000.

rogation window deformation approach is adopted during the

cross-correlation phase, which is also known to reduce the in-

fluence of pixel-locking [11]. In addition, we employ a tech-

nique detailed in Roth and Katz [10] (commonly referred to

as matched histogram thresholding or MHE), which minimises

any residual pixel-locking. Figure 2 shows the pdf of Ũ at

Reτ ≈ 8000 for the range 0 < z+ < 0.5δ across all PIV frames.

The dashed red line (−−) shows the extent of the pixel-locking

bias in the dataset. The solid red line (–) shows results after em-

ploying a Gaussian kernel on image pairs in conjunction with

an interrogation window deformation during PIV processing.

Results show a significant reduction in pixel-locking. Conse-

quently, the MHE technique only has a subtle effect as shown

by the solid blue line (–).

Detection Criteria

Following Adrian et al. [1] and the definition of a UMZ

(extended region of low streamwise velocity fluctuations) we

utilise the pdf of the streamwise velocity component to de-

tect the presence of local maxima. These local maxima on the

pdf and their associated streamwise velocity magnitude (com-

monly referred to as a modal velocity) represents the stream-

wise momentum of possible UMZs. Since the procedure to

detect UMZs relies on the pdf of the streamwise velocity, the

streamwise extent of the velocity field utilised to compute the

pdf (Lx) plays an important role. This influence of Lx is best

illustrated with reference to figure 3, where (a) shows a sample

velocity field spanning 2δ obtained at Reτ ≈ 8000 (grey-scale

colour map) with the included region shown using colour con-

tours (≈ 0.01δ). The corresponding histogram of the streamwise

velocity is shown in figure 3(b). The peaks of this pdf corre-

spond to possible modal velocities (Ũm, indicated by ◦ sym-

bols). Figure 3 (c-d) is a reproduction of the same result at

Lx ≈ 0.5δ. Qualitatively, a streamwise domain length of 0.01δ

shows several peaks, meanwhile atLx ≈ 0.5δ two distinct peaks

(or modal velocities) are observed on the pdf of the streamwise

velocity and the corresponding UMZs are also identifiable by

visually inspecting figure 3(c).
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Figure 4. Pdf of modal velocities (Ũm) found in all PIV frames at Reτ ≈

8000. Dashed (−−) and solid (–) lines corresponds to dataset obtained

before and after minimising any pixel-locking.

We note that the large number of peaks detected at Lx ≪ 0.5,

is primarily caused by the limited number of grid points in z in

the velocity field, and should not be simply considered as spuri-

ous detections. Consequently, we require a larger Lx to obtain

sufficient samples for the pdf. This procedure introduces an

implicit filter which inhibits the detection of UMZs encompass-

ing small spatial regions ( Lx ≪ 0.5). Nevertheless, our results

show that UMZs which are clearly identifiable are detected by

the described procedure when Lx ≈ 0.5δ−1δ. We also note that

this range is comparable to that employed by Adrian et al. [1]

where Lx = 1.2δ, which corresponded to the streamwise extent

of their FOV. Therefore for all subsequent analysis, we employ

a streamwise domain length of Lx ≈ 0.5δ for detecting UMZs

in all datasets considered. Further analysis would be necessary

to carefully examine the influence of Lx, perhaps by employing

synthetic velocity fields where the number of UMZs are known

a-priori.

As a final note, it is worth highlighting the influence of a pixel-

locked PIV dataset on the detected modal velocities. Figure 4

shows a pdf of Ũm across all PIV frames at Reτ ≈ 8000. The

dashed line corresponds to a pdf of Ũm prior to implement-

ing the techniques discussed previously to minimise any pixel-

locking. Here, we observe a series of peaks that should be con-

sidered as spurious, since they are caused by Ũm being biased

towards integer pixel displacements. The solid line in figure

4 corresponds to results after minimising any residual pixel-

locking, where the spurious peaks are now suppressed, thus in-

dicating that the bias towards integer pixel displacements of Ũm

is minimal.

Assessment of Detection Criteria

An assessment of the detection criteria for UMZs is conducted

by utilising a dataset at Reτ = 1200 [4]. This dataset is cho-

sen for this purpose since it has a comparable Reynolds number

to prior work [1], thereby enabling us to draw comparisons to

prior observations. Furthermore, we can comment on whether

the observations are universal across independent datasets from

different facilities and at a different Lx. Figure 5 shows pdfs of

the streamwise velocity component from randomly chosen PIV

images at Reτ ≈ 1200 where the � symbols correspond to the

detected modal velocities. Similar to the qualitative manual ap-

proach employed by Adrian et al. [1], we observe three UMZs

(N
UMZ
≈ 3) on average at an equivalent Reτ.

Uniform Momentum Zones at High Reynolds Numbers

This section aims to apply the established detection criteria on

the experimental databases at Reτ ≈ 8000 and Reτ ≈ 14500. Pre-

liminary qualitative comparisons between pdfs of streamwise

velocity at the range of Reynolds numbers considered show

Ũ/U∞

p
d
f

0.4 0.6 0.8 1
0

2

4

6

8

10
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Figure 5. Pdfs of the instantaneous streamwise velocity normalised by

Ũ/U∞ with a streamwise domain length of 0.5δ at Reτ ≈ 1200. Each

pdf corresponds to a randomly chosen PIV frame with � corresponding

to the detected modal velocities.

an increase in the number of detected UMZs (N
UMZ

) with in-

creasing Reτ (see figures 5 (Reτ ≈ 1200), 6a (Reτ ≈ 8000)).

We note that examples at Reτ ≈ 14500 are not reproduced here

for brevity. Previously, Adrian et al. [1] observed no varia-

tion in N
UMZ

from Reτ = 355 to Reτ = 2000, however, this may

be caused by the limited range and magnitude of Reτ consid-

ered. The present study considers a range of Reτ spanning over

a decade, enabling us to better discern if such a trend exists.

The corresponding instantaneous streamwise velocity field is

shown in figure 6(b). The boundaries/edges of each detected

UMZ are represented by solid lines (–), which are overlaid on

colour contours of streamwise velocity. These boundaries are

approximated as the mid-point between each pair of modal ve-

locities. Qualitatively the zonal-like structure is easily observ-

able and it is evident that the edges of UMZs are flanked by

a sudden change in streamwise velocity in the wall-normal di-

rection (high ∂Ũ/∂z). We note that these observations are re-

peatable in almost any PIV frame considered from all three PIV

databases employed, thus providing a certain degree of validity

to the approach used to detect the edges of UMZs.

Attached-Eddy Model

The models described in the work of Perry and co-workers (see

Perry and Chong [9]) based on the attached-eddy hypothesis

have been shown to reasonably reproduce flow statistics of wall-

bounded turbulence. To compliment the experimental databases

employed in this study, synthetic velocity fields (hereafter re-

ferred to as AEH velocity fields) are generated using a simi-

lar model to that described in Marusic [6] where hierarchies of

packets (each of which consist of several hairpins) are randomly

distributed.

A qualitative comparison between an experimental velocity

field at Reτ ≈ 8000 (see figure 1) and a synthetic velocity field

at Reτ = 6400 (shown in figure 7) chosen randomly shows

good agreement, providing further validity to the attached eddy

model from a spatial representation perspective. One notable

difference is the lack of small scale activity away from the wall
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Ũ
+

30

25

20

15

z
/δ

0.2

0.4

0.6

0.8

1

x/δ
0.5 1 1.5

Reτ ≈ 8000

(b)

Figure 6. (a) Figure 5 reproduced at Reτ ≈ 8000. (b) Edges of UMZ de-

termined using modal velocities overlaid on colour contours of stream-

wise velocity (Ũ) from a single PIV frame at Reτ ≈ 8000.
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Figure 7. Colour contours of streamwise velocity (Ũ+) at (a) Reτ ≈ 8000

from a single PIV frame, (b) Reτ = 6400 from a synthetic velocity field

generated using packets of hairpins.

in the synthetic velocity fields due to the nature of how they

are generated, where eddy sizes follow a geometric progression

based on the distance from the wall. Nevertheless, the zonal-

like structural organisation is easily observable in the velocity

fields from the model. Although not reproduced here, the sta-

tistical behaviour of the detected UMZs in the AEH velocity

fields is quantitatively comparable to that observed from the ex-

perimental datasets.

Conclusions

This paper analyses the existence of large, irregularly shaped

regions of uniform streamwise momentum in turbulent bound-

ary layers. A detection criterion described by Adrian et al. [1]

using the probability density histograms of the streamwise ve-

locity is extended for large datasets, and is shown to accurately

detect UMZs (and their associated modal velocities). Selecting

an appropriate streamwise domain length (Lx) to compute the

pdf of the streamwise velocity is shown to be important to the

process of extracting UMZs. This detection scheme is applied

to three datasets spanning over a decade of Reynolds numbers.

Preliminary results show an increase in the number of detected

UMZs with increasing Reynolds number. An extension of the

current analysis may provide further evidence of a hierarchical

length scale distribution of structures within the boundary layer.

These observations are supported through analysis of synthetic

velocity fields generated with the attached-eddy model. The

presence of UMZs and their characteristics from the generated

synthetic fields are shown to be qualitatively similar to results

obtained experimentally.
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