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ABSTRACT: This contribution focuses on on-going research in the extraction of characteristic feature
velocities of a hot jet along an opaque wall visualized using the laser speckle background oriented schlieren
(speckle BOS) technique. In contrast to the standard approach using an undistorted reference image, the
reference image was chosen as a moving average over 300 flow images to circumvent contributions of the
mean flow to speckle decorrelation and speckle shifts due to wall deformation. Furthermore, the sensitivity of
the speckle BOS diagnostic setup and the spatial resolution of the presented approach will be discussed. As a
more applied case, the tunnel fire backlayering scenario is introduced. Taking into account the integrating
nature of the BOS technique, temperature data from a LES computation are used to create projective,
synthetic speckle pattern shifts and to extract superimposed characteristic velocities from these synthetic
data.

1 Introduction
Schlieren techniques can be used to gain qualitative and quantitative insights into transparent flows
with varying optical density. Furthermore, coherent refractive index signatures can also serve as
traceable structures to extract characteristic flow velocities. So far, different publications discuss the
potential of schlieren velocimetry (e.g. Hargather et al. [1], Jonassan et al. [2], Kegerise and Settles [3])
and a detailed overview to past contributions and the state of research in schlieren velocimetry is can be
found in Settles [4].
The background oriented schlieren technique is by now a well established technique to visualize and
quantify refractive index gradient distributions, and there are various contributions discussing the
visualization of different types of variable density flow. A detailed overview to the potential of this
technique is provided by Raffel [5]. However, the background oriented schlieren measurements of
flows close to an opaque wall remain an unresolved challenge. In 2013, A. Meier and T. Rösgen [6]
suggested to use laser speckle illumination instead of the standard BOS pattern, decoupling the
achievable sensitivity from the distance between the test section and the reference pattern enabling
near-wall measurements. Exploiting the favorable properties of the speckle illumination, this
contribution mainly focuses on on-going research in the visualization of coherent flow signatures of a
hot jet along an opaque wall and the extraction of their characteristic velocity.
The first part of the paper is dedicated to the visualization of coherent flow structures using the speckle
BOS techniques. After a brief introduction to the fundamental properties of this technique, a practical
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choice for the speckle reference pattern will be discussed. Furthermore, the sensitivity of the speckle
BOS diagnostic set-up and the spatial resolution of this approach will be investigated. Finally, a crosscorrelation analysis of the speckle displacement field is performed to extract a spatial velocity estimate
for the 2-dimensional projected jet velocity.
As a more applied case, the second part will focus on a tunnel fire backlayering scenario. This flow
scenario occurs when a buoyant plume is able to creep along the ceiling against a primary ventilation
cross flow. In principle, the backlayering zone is a recirculation cell where counter-moving flow
structures are present. To investigate the integrating nature of the BOS technique, LES data are used to
create synthetic BOS pattern shifts. A global correlation analysis of the synthetic data reveals flow
signatures of different superimposed characteristic velocities.
2 Fundamental properties of the laser speckle BOS technique
The BOS technique is sensitive to the integrated refractive index gradients perpendicular to the line of
sight. The relation between the apparent pattern shifts δ on the imaging sensor and the refractive index
distribution n is described by Eq. 1 and a corresponding sketch is depicted in Fig. 1,


δ ( x, z ) ≈

lf
n ( x, y , z )
dy
∇ x, z
∫
l +m− f γ
n0

(1)

where the parameter l describes the distance between the test section and the reference pattern position,
f the focal length of the imaging system and the parameter m the distance between test section and lens.
Considering the integrating nature of the BOS technique, a tomographic flow analysis of the flow is
necessary to reconstruct 3D index distributions. Similarly, this effect has also to be taken into account
when analyzing BOS data for velocimetry applications.
Due to the interferometric properties of the laser speckle patterns, the speckle BOS technique exhibits
some differences compared to the standard method [6]. First of all, the sensitivity can be adjusted
independent of the position of the speckle screen. As a result, the screen can be placed close to flow
while maintaining sensitivity. Furthermore, in analogy to speckle photography the incident light beam
is distorted while passing through the test section. If the laser beam is aligned with the field of view of
the camera, the setup corresponds to a so called “double pass” imaging setup. This effect is discussed
by Meier and Roesgen [6] and has to be considered while investigating near-wall flow scenarios, where
an undistorted, lateral or backside illumination is not feasible.
The apparent pattern shift on the imaging sensor is caused by light refraction while passing through the
test section with a varying refractive index field. The different path lengths of the imaging wave fronts
lead to displaced but also increasingly modified speckle interference patterns. If the modification of the
pattern is too pronounced, it is not possible anymore to extract a meaningful pattern shift between
reference and flow image using a cross-correlation or optical flow algorithm, i.e. speckle decorrelation
occurs. This effect is investigated in detail in another conference contribution [7]. As a summary, it can
be stated that the decorrelation effect strongly depends on the size of the interrogation window size and
the focus distance l.
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Fig 1. Typical setup illustrating the integrating nature of
the BOS technique.

In addition, wall deformations due to thermal expansion can also contribute to speckle decorrelation
effects, and they will induce a pattern shifts on the imaging sensor superimposed onto the flow
signature.
3 Laser speckle BOS diagnostic setup
The BOS diagnostic setup is depicted in Fig. 2. The heated jet has a diameter of 4 cm, its speed is set to
0.62 m/s and the temperature is 65° C at the centerline. The speckle pattern is generated by a 5 W laser
(Coherent Verdi) with a beam expander, and a fire-retardant panel (Monolux 500) serves as speckle
screen. The speckle recording setup is optimized for speckle BOS measurements and consists of a
CMOS camera (Basler acA3800, 3840 x 2748 pxl, 14 fps) and a lens (Schneider-Kreuznach 12.5mm,
f/0.98) with variable aperture. The distance m between the lens and the test section is set to 1.25 m.
Besides the illumination properties of the test section and the light sensitivity of the camera, the choice
of the imaging lens f-number significantly impacts the lower bound for the exposure time. If the fnumber is too low, the speckle size on the sensor will decrease, potentially causing peak locking effects
[6]. In this context, the small pixel size of the camera (1.67 μm x 1.67 μm) is advantageous. For this
experiment, the f-number was increased to approximately 9.5 resulting in an exposure time of 3 ms. By
choosing a region of interest of 1400 pxl times 900 pxl, the acquisition frame rate of the camera can be
optimized to 38 fps, representing a favorable compromise between spatial and temporal resolution for
this flow scenario.
The sensitivity of this setup is given by a pre-factor to Eq. 1 and it is plotted in Fig. 3 as a function of
the focus distance l,


lf
tan ( ε )
δ ( x, z ) = 2
(2)
l +m− f
since the chosen setup represents a double pass configuration, where the sensitivity is doubled
compared to the standard method. Focusing at infinity, the sensitivity converges towards an asymptotic
value (Eq. 3). However, the maximum absolute value can be obtained by focusing in front of the test
section and is given by the minimum focus distance lmin of the imaging lens.


lim δ ( l ) =
2 f tan ( ε ) ,
l →∞
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δ ( lmin =
−0.95m ) =
−0.0826 tan ( ε )

(3)
3

P. Buehlmann, L. Santoro, T. Roesgen

Fig 2. Speckle BOS diagnostic setup. The air hot
rises along an opaque wall.

Fig 3. The sensitivity of the setup as a function of the
focus distance l.

4 Construction of reference image for speckle velocimetry applications
For this experiment, the reference image is generated by a moving average over 300 speckle BOS flow
images acquired with minimal focus distance. Due to different time scales of the propagation of the
coherent features and the wall deformation, this approach does focus on time scales where the impact
of wall deformations can be neglected. Furthermore, the contribution of mean refractive field gradients
to speckle decorrelation can be eliminated. A characteristic pattern shift amounts to approximately 1
pixel.
Due to the averaging procedure, the reference image is slightly blurred in the regions where significant
speckle displacements due to thermal fluctuations in the flow occur. This behavior is also reflected in
Fig. 4, where histograms for the speckle intensity distributions in the fluctuating flow region are
displayed. Following the argumentation of Lehmann [8], the recorded speckle intensity distribution can
be described statistically by
m

 m  I m −1
 mI
exp  −
p ( I ) = 

 I  Γ ( m)
 I


 ,


2

I
m=
Var ( I )

(4)

where <…> describes the spatial average over the speckle intensity I. Overall, the empirical
distribution of the flow image speckles corresponds to the theoretical prediction, while the apparent
differences might be related to the finite exposure time of the camera. The impact of the averaging
procedure on the reference intensity distribution is clearly visible in the histogram. However,
experiments indicate that in analogy to speckle decorrelation, a sufficiently large interrogation
windows size can compensate for the impact of these blurring effects.
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Fig 4. The speckle intensity distribution in the region
where the average image is blurred.

5 Spatial resolution
In addition to the imaging hardware (e.g. resolution of the camera), the spatial resolution strongly
depends on the interrogation window size of the cross-correlation algorithm. Fig. 5 and Fig. 6 show
comparisons of the speckle shifts for different interrogation window sizes along a single line of the
speckle image. The data exhibit noticeable differences between the different profiles for a varying
interrogation window size. The plots indicate that larger interrogation windows (64 pxl x 64 pxl and 96
pxl x 96 pxl) do not properly extract the profiles of the flow structures. In contrast, the speckle shifts
extracted using a 32 pxl x 32 pxl window include a considerable number of outliers in the overall
spatial pattern shift distribution due to speckle decorrelation. Furthermore, it is not possible to properly
distinguish between signal and noise in this case since there is no ground truth. As a compromise, an
interrogation window size of 64 pxl x 64 pxl was chosen for further data analysis.
In order to counteract this relatively large interrogation window size, a camera with a high spatial
resolution (i.e. small pixel size) is highly desirable.
6 Extraction of characteristic velocity
As a first step, a global cross correlation analysis was performed. The cross-correlation maps for
speckle shift distributions with increasing time delay are computed for each of the 1200 individual
frames and finally averaged (Fig. 7). The normalized correlation coefficients are plotted in Fig. 8. The
data show that the dominant features correlate over several frames. The correlation peaks are tracked
and plotted as a function of the time delay between the speckle shift measurements. The slope of the
nearly straight line is 0.33 m/s and provides a first estimate for a characteristic jet velocity (Fig. 9). The
velocity amounts to approximately half of the centerline velocity, suggesting that this approach tracks
coherent flow features in the shear layer between the hot jet and the cold air.
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Fig 5. Characteristic speckle shift profile in xdirection
for
different
cross-correlation
interrogation window sizes.

Fig 7. Illustration of the global cross-correlation
analysis.

Fig 6. Characteristic speckle shift profile in ydirection for different cross-correlation
interrogation window sizes.

Fig 8. Normalized cross-correlation of
displacement fields with increasing time-delay.

PIV

In order to obtain a spatially refined velocity estimate, a three-dimensional cross-correlation analysis of
the speckle shift data set was performed (Fig. 10). Adapted from a single pixel approach published by
Westerweel et al. [9], an in-house MATLAB spatial-temporal cross-correlation algorithm with
Gaussian sub-pixel interpolation was applied. In order to maintain spatial resolution, the interrogation
window size was set to 3 times 3 units in the spatial direction and 1200 frames were used in the
temporal dimension.
ISFV18 – Zurich, Switzerland – 2018
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Fig 9. Position of correlation peak as a function of time delay.

The corresponding results are presented in Fig. 11 to Fig. 13. Fig. 11 shows a qualitative overview of
the extracted spatial velocity distribution. The resolution of the vector field of the plot is reduced for
visualization purposes. The predominant movement in vertical direction is clearly visible together with
a slight spreading due to entrainment.
Quantitative results for the pre-dominant, vertical velocity are provided in Fig. 12. The velocity in the
centerline region amounts to half of the jet centerline velocity and the signal in the outer jet region
(around 0.15 m/s) indicates the intermittent movement of heated zones into the quiescent air. Since the
BOS method is only sensitive to changes in the refractive index gradient, velocities in the boundary
region (zero velocity) cannot be detected.
Fig. 13 shows a comparison between velocimetry and thermal anemometer data which were acquired
along the centerline of the jet. An agreement in the overall trend is visible. However, the fluctuating
behavior of the velocimetry profile along the projected centerline (v(x=0)) suggests a significant noise
contribution. In order to receive a more stable estimate, a local spatial average (<v>) over eight
neighboring units is computed as well.
7 Tunnel fire backlayering scenario
In a second step, the implications of the integrating behavior of the BOS technique are investigated in a
preliminary study using synthetic large eddy simulation (LES) data for a tunnel fire backlayering
scenario.
In a tunnel fire, a hot buoyant plume rises from the scene of accident and spreads along the ceiling. In
order to prevent a distribution of hot, toxic gases and smoke, a cold cross flow is applied. If the cross
flow is under-critical, the gases can creep along the ceiling against the cross flow direction, forming a
so called backlayering zone. Due to interaction with the cross flow, lower parts of the zone will move
back towards the scene of fire forming a recirculation zone. A typical temperature profile is shown in
Fig. 15.
ISFV18 – Zurich, Switzerland – 2018
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Fig 10. Visualization of the spatial-temporal crosscorrelation analysis technique.

Fig 12. Vertical velocity estimate for the coherent
features.
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Fig 11. Qualitative visualization of the spatial velocity
distribution of coherent flow features.

Fig 13. Comparison between the extracted velocity
and anemometer reference measurements along the
projected centerline (x = 0 m).
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Fig 14. Sketch of the IFD hot gas tunnel.

Tunnel fire scenarios can be experimentally simulated in the IFD hot gas tunnel (Fig. 14). The buoyant
plume is generated by a hot jet, and the cross flow is driven by a ventilation fan at the tunnel exit. The
walls are made of isolating, fire-retardant materials, and the tunnel has a cross section of 0.8 x 0.8 m2.
The large eddy simulation for synthetic data generation was performed using the Fire Dynamics
Simulator (FDS) code. It is a well-established, open-source software for tunnel fire simulations
provided by the National Institute of Standards and Technology (NIST) of the United States
Department of Commerce. It utilizes an implicit LES-solver for low Mach number flows using second
order discretization schemes and a Deardorff eddy viscosity subgrid closure model.
As a first verification, mean temperature and velocity profiles for a specific ventilation scenario are
compared to pre-existing experimental thermocouple and laser doppler velocimetry data. Furthermore,
a grid refinement study was performed for the presented backlayering scenario.

Fig 15. Qualitative visualization of LES temperature data for a backlayering scenario in the IFD hot gas
tunnel.

8 Synthetic backlayering data for BOS-velocimetry
As a first step, temperature data are converted into refractive index distributions using the GladstoneDale relation (Eq. 5) and the ideal gas law (Eq. 6), assuming constant pressure in the entire domain.

ISFV18 – Zurich, Switzerland – 2018

n ( x, y, z ) − 1 =K ρ ( x, y, z )

(5)

p = ρ ( x, y, z ) RSpecT ( x, y, z )

(6)
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In order to extract the fluctuating refractive index components, the mean index field was computed by
averaging over 300 refractive index frames.
The relation between the refractive index distribution n(x,y,z) and the pattern shifts δ(x,y) is described
by Eq. 1. The gradients are computed in MATLAB using a second order central difference scheme.
Due to linearity of the involved operators, the integration and gradient operators can be exchanged to
benefit from the smoother, integrated index fields for the computation of the gradient field. Taking into
account the relatively small density variations, we approximate the light propagation through the
backlayering zone by straight light rays to perform the integration. This straight-line approximation is
also used - often implicitly - for tomographic reconstructions. However, effects relying on the wave
properties of the light (e.g. speckle decorrelation) cannot be captured by the ray propagation approach.
Hence, the integration of Eq. 1 can be approximated by a Riemann sum in the z-direction. Overall, the
relation between temperature data and synthetic speckle shifts is given by


δ ( x, z ) ≈ 2

T0
lf
1
∆z
( n0 − 1) ∇ x, y ∑
l + m − f n0
z T ( x, y , z )

(7)

where Δz labels the vertical grid spacing. The overall pattern shift signatures are similar for synthetic
and first experimental speckle BOS data in this region. However, a histogram plot reveals that they
differ by approximately a pre-factor of two. Therefore, the accuracy of this approach and the
experimental data will be subjected to further investigations.
9 Preliminary results for synthetic backlayering data
In analogy to the velocity extraction procedure for the heated jet, a global correlation analysis of the
synthetic backlayering data set is performed (Fig. 16). The dominant contributions correlate over
several frames and the main peak can be clearly identified. Furthermore, a second correlation peak
appears for a sufficient large time delay, indicating the presence of different velocity regimes in the
backlayering zone. The peak positions are plotted as a function of the increasing time shifts (Fig. 17).
The positive velocity component amounts to 0.56 m/s, whereas the velocity of the counter moving
structures is estimated to -0.15 m/s. In order to have a comparison to CFD velocities, the location of
regions with strong refractive index gradients can be identified, and the corresponding velocities can be
extracted. The most significant contribution to the positive velocity is located in the shear layer
between the backflow regime of the backlayering zone and the cross flow whose velocity is locally
increased to around 0.8 m/s in the region below the backlayering zone due to mass conservation. The
flow structures related to the second velocity component are located inside the boundary layer region at
the tunnel ceiling.
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Fig 16. Normalized cross-correlation values for
synthetic pattern shift data.

Fig 17. Position of correlation peaks as a function of
time delay.

9 Conclusion and Outlook
This paper described results from on-going research into laser speckle BOS velocimetry. Coherent flow
structures were visualized using the laser speckle BOS technique. In order to circumvent the
contribution of the mean temperature distribution to speckle decorrelation and speckle shifts due to
wall deformation, the speckle reference image was proposed as a moving average over 300 flow
snapshots. Furthermore, the spatial resolution in the context of speckle decorrelation was discussed.
A cross correlation analysis revealed that some flow structures correlate over several frames, and a
characteristic velocity could be extracted. Furthermore, a spatial velocity was estimated for the
projected movement of the visualized structure. While the overall characteristics of the results are
reasonable, a more careful investigation suggests a significant noise contribution.
As a practical application of the speckle BOS technique, a tunnel fire backlayering zone was
investigated. In order to generate a reference data set, light propagation through a corresponding
synthetic temperature field, computed with a LES code, was approximated by straight light rays. A
subsequent cross-correlation analysis revealed two superimposed and counter-moving velocities in the
backlayering zone.
As a next step, a new camera with an increased spatial resolution and frame rate will be deployed to
collect improved measurement data. Subsequently, the noise contribution to velocity estimates for the
jet will be investigated. Furthermore, alternative approaches for velocity extraction (e.g. optical flow
techniques) will be studied.
In a second step, future research will focus on detailed experimental data from the tunnel fire
backlayering scenario. Using the insights from the jet configuration, speckle BOS data will be collected
using optimized hardware and optical parameters. The generation procedure for synthetic pattern shift
data will be investigated more closely and compared with experimental data
ISFV18 – Zurich, Switzerland – 2018
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