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A B S T R A C T

The entrainment of air on a high-velocity spillway leads to a rapid bulking in flow depth and developments of
complex flow patterns downstream of the inception point of aeration. This study examines the feasibility of two
local optical flow techniques – the Lucas-Kanade method and the Farneback method – applied to high-velocity
air-water skimming flows above a stepped chute. Such methods are not widely known to the multiphase flow
community. Experimental studies were undertaken in a relatively large-size stepped spillway model. Validation
test cases were performed using a synchronised ultra-high-speed camera and phase-detection probe setup. The
optical flow technique detected changes in brightness due to reflectance difference associated with passages of
air-water interfaces. The standard deviation of luminance correlates with void fraction and bubble count rate,
and may be used as a predictor for uncertainties in optical flow estimation. The streamwise optical flow prop-
erties were in close agreement with those determined by the phase-detection probe next to the sidewall, with
increasing differences for void fraction greater than 50% (C > 0.5). In the sidewall region, however the bubble
count rate and interfacial velocity distributions were underestimated compared to the channel centreline's in-
terfacial properties. The tests demonstrated that the optical flow methods can provide useful qualitative and
quantitative information on complex air-water flow patterns.

1. Introduction

Stepped spillways are structures designed to achieve safe passage of
floods (Fig. 1). The step roughness enhances the rate of boundary layer
growth and induces free-surface aeration [9]. The entrainment of air
leads to a rapid bulking in flow depth and complex air-water flow
patterns develop downstream of the inception point of aeration [27,11]
(Fig. 1). The interactions between air and water modify not only the
flow patterns but also velocity distributions, with profound design im-
plications [10]. Velocity determination is therefore of fundamental
importance in studies of stepped spillway flows.

Recently, image-based velocimetry has become more attractive and
accessible because of the advancement in computational power.
Integral techniques such as the well-established particle image veloci-
metry PIV) were successfully applied to non-aerated spillway flows e.g.
[1]. Later studies used bubbles as tracer particles under ordinary
lighting conditions e.g. [4–5,23]. This modified technique is known as
bubble image velocimetry (BIV) — first described in Ryu et al. [30] and
Ryu [31]. The BIV approach relies upon interrogation of an image
frame pair by computing the spatial cross-correlation. A limitation of
this method is its discrete data nature which, for certain tracer size

ranges, may cause displacement vectors to be biased towards integer
pixel values, commonly referred to as ‘pixel locking’ [12,13]. Direct
computation of the correlation surface is expensive, and fast im-
plementations in the Fourier domain are constrained to displacements
smaller than half of the window size to prevent aliasing artefacts: i.e.,
obeying the Nyquist criteria [13]. Further, any velocity or seeding
gradient in the interrogation region (especially a large region) in-
troduces a bias towards smaller displacement. Another major limitation
is the bias of the sidewall flow conditions, where boundary friction
cannot be neglected. BIV velocity data typically underestimates the
velocity field on the channel centreline, which is significantly larger
than the near wall velocities when measured by an intrusive probe.

In contrast to the PIV/BIV approach, the optical flow method is not
well-known to the air-water flow community [6]. Liu et al. [25] applied
a modified global method i.e. [22] to PIV images and extracted velocity
fields with better accuracy and much higher resolution than the tradi-
tional PIV. Bung and Valero [7] compared BIV and optical flow esti-
mates in seeded and aerated flows: they found comparable accuracies
for both methods, with the optical flow technique providing higher
resolution data albeit requiring a much longer computation time.

It is the aim of this study to test the applicability and accuracy of
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two local optical flow methods applied to high-velocity free-surface
flows on stepped spillways. The optical flow inaccuracies caused by
brightness variations were limited by the use of ultra-high-speed video
cinematography. Validation techniques were developed and tested. The
optical flow methods were then applied to obtain flow patterns and
velocity fields in skimming flows on a relatively large stepped spillway
model.

2. Methodology

2.1. Presentation

The optical flow is defined as the apparent motion field between
two consecutive images, and its true physical meaning depends on the
projective nature of the moving objects in 3D camera space. Therefore,
it is difficult to quantitatively connect the physical fluid velocity with
the projection of 3D objects onto the image plane (i.e. R3→R2 mapping)
[25]. Liu et al. [25] proposed a physics-based optical flow equation in
the image plane:
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where I is the image intensity, =u u v( , )o o o
T is the optical flow in the

image plane (i.e. screen space), x is the image coordinate vector, and
∇ = ∂ ∂x/ i is the spatial gradient in Eq. (1). The right-hand-side term
summarises luminance variations due to diffusion, fluorescence, scat-
tering, absorption, and boundary effects of a scalar field quantity ψ,
which could represent the bubble density in BIV images. If the object

velocities are essentially two-dimensional, then uo ( ′
⎯ →⎯⎯⎯
PP , Fig. 2) is di-

rectly proportional to the particle velocity in the camera space ( ′
⎯ →⎯⎯⎯⎯
OO ,

Fig. 2). This is illustrated in Fig. 2, where xc, yc, and zc are the camera
space coordinates originating from a pinhole lens.

The physical connection between optical flow and object velocities
is seen in Eq. (1). In the special case where =xf I( , ) 0 and∇ =u· 00 , Eq.
(1) reduces to the classic brightness constancy equation [22]:
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Despite that the optical flow is not generally divergence-free [25].
Note that the differential nature of optical flow methods implies that
they are best applied to continuous patterns, though Liu et al. [25] were
able to extract velocity fields with better accuracy and much higher
resolution than the traditional PIV method when applying an optical
flow method to PIV images.

Existing optical flow algorithms rely on computations of spatial and
temporal derivatives to recover the optical flow from an image pair.
These techniques may be generally classified into local methods e.g.
[26,16] and global approaches e.g. [22], which respectively attempt to
maximise local and global energy-like expressions. For the fluid me-
chanics community, the term ‘optical flow’ tended to be synonymous to
the [22] approach in the recent literature [13,24,25,6,7]. This approach
was favoured because it yields a dense estimate of the flow field: every
pixel is processed and an optical flow vector assigned. This is clearly
advantageous over traditional correlation based techniques, despite the
relatively more expensive computation time.

The classic Horn and Schunck method relies on minimising the
following global energy functional:
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where αhs is a regularisation parameter governing penalties for large
optical flow gradients: (i.e., a large αhs results in a smoother flow field.
The aperture problem (i.e. motion of a one-dimensional structure can
only be resolved in the direction of non-vanishing gradient) is thus
addressed by the above formulation, since, in regions where the data
term is lacking (i.e. first term in the integral), the regularisation term
(i.e. second term in the integral) performs an implicit interpolation.
Such a global approach however provides no confidence measure in
different image regions [2]. The method may be more sensitive to noise
than some local methods i.e. [26] because the presence of noise in-
creases the magnitude of the data term relative to the regularisation
term, effectively reducing the benefit of smoothing [2,18,3].

Local methods, on the other hand, are generally robust to noise and
often benefit from efficient matrix computations. Efficient dense optical

Fig. 1. Prototype stepped spillway: Paradise dam's (Australia) opera-
tion on 5 March 2013 - Q = 2300 m3/s, Re= 7.3 × 106, h = 0.62 m -
The location of the inception point of free-surface aeration is clearly
seen.

Fig. 2. Projection of object velocity onto the image plane (pinhole lens model).
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