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Abstract

A Tomographic Background-Oriented Schlieren (TBOS) technique is developed to aid in the visualization of compressible
flows. An experimental setup was devised around a sub-scale rocket nozzle, in which four cameras were set up in a circular
configuration with 30° angular spacing in azimuth. Measurements were taken of the overexpanded supersonic jet plume at
various nozzle pressure ratios (NPR), corresponding to different flow regimes during the start-up and shut-down of rocket
nozzles. Measurements were also performed for different camera parameters using different exposure times and f-stops in or-
der to study the effect of measurement accuracy. Density gradients and subsequently two-dimensional line-of-sight integrated
density fields for each of the camera projections are recovered from the index of refraction field by solving a Poisson equa-
tion. The results of this stage are then used to reconstruct two-dimensional slices of the (time-averaged) density field using
a tomographic reconstruction algorithm employing the filtered back-projection and the simultaneous algebraic reconstruction
technique. By stacking these two-dimensional slices, the (quasi-) three-dimensional density field is obtained. The accuracy
of the implemented method with a relatively low number of sparse cameras is briefly assessed and basic flow features are
extracted such as the shock spacing in the overexpanded jet plume.
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1 Introduction

HE Background-Oriented Schlieren (BOS) technique is a
flow visualization technique used to visualize density
gradients in compressible flows. It uses the deflection of light
rays due to refractive index variations in a medium, caused
by changes in the medium’s density. Using digital correlation
techniques similar to those used in particle image velocime-
try (PIV), the apparent displacements of a background pattern
can be computed, which is directly proportional to the den-
sity gradients in the flow. It is of the same family as classical
Schlieren photography, interferometry and shadowgraphy (see
Settles 2001), since these techniques use density gradients of
the flow or derivatives hereof.

The method was initially described by Dalziel et al. (2000)
under the name of “’synthetic Schlieren”, and by Raffel et al.
(2000a) as a qualitative tool for visualizing helicopter blade tip
vortices. Early publications by Meier (2002) and by Richard
et al. (2002) showed the potential of the BOS technique as ap-
plied to a variety of different applications. These ranged from
the density field of supersonic jets to determining concentra-
tions of gas mixtures. These publications also mentioned the
potential for a combination of BOS with tomographic tech-
niques to retrieve the temperature, pressure and density fields
of flows. Some of the practical aspects of performing BOS
measurements were laid out by Richard and Raffel (2001).

Although early publications focused on the practical as-
pects of the method and its potential, the results were mostly
qualitative. Early literature often mentioned the possibility of
combining BOS with tomography, but it was not until later ef-
forts that quantitative field reconstructions were demonstrated.
Venkatakrishnan and Meier (2004) showcased the first con-
junction of BOS with tomography, also called Tomographic
Background-Oriented Schlieren (TBOS), applied to an exper-
imental Mach 2 flow around a cone and were able to accu-
rately reconstruct the three-dimensional density field. How-
ever, use was made of an axis-symmetric assumption, meaning
the TBOS used is not the most general and can not be used for
non-axis-symmetric cases. This assumption was not made by
Goldhahn and Seume (2007), who were able to reconstruct the
three-dimensional density field of an under-expanded double-
orifice jet using the filtered back projection (FBP) algorithm
and 36 projections. Their results show that the reconstructed
field, where shock diamonds are clearly visible, was obtained
with good resolution. As opposed to Venkatakrishnan and
Meier (2004), their method does not use the Poisson equa-
tion but uses the density gradients directly in the tomographic
reconstruction. Additionally, the findings show that the fo-
cal length and camera resolution are the factors most affecting
the sensitivity and resolution of the reconstruction, as well as
the relative distance between object, background, and camera.
Surprisingly, they found that the overall length of the setup
plays a minor role in the sensitivity.

Grauer et al. (2018) presented the first application of BOS
tomography to the reconstruction of a combustion process. A
23 camera setup was used to perform BOS measurements, and
tomographically combine these various projections to recon-

struct the 3D instantaneous refractive index distribution of an
unsteady natural air/gas flame. They use a slightly different
approach with respect to the tomography than the two previ-
ously mentioned works. Their method is based on a Bayesian
framework using total variation (TV) priors, which was shown
to be well suited for strong gradients as the authors were able
to properly reconstruct the abrupt changes in refractive index.
Supersonic jet applications could potentially benefit from this
method, since abrupt refractive index changes occur due to the
strong density gradients of the shear layers and shock-waves.

Raffel (2015) presents a comprehensive review of recent
advances in BOS imaging, its applications and variations of
the technique. He shows that the advantages of the BOS
technique over other techniques such as classical Schlieren
are predominantly its experimental simplicity (BOS requires
only a camera and background pattern with enough spatial
frequency) and the robustness of the digital correlation algo-
rithms, which are well established as these are widely used in
techniques such as PIV (an extensive treatment of PIV is given
by Raffel et al. 2007). BOS’s main disadvantage is the inherent
limited resolution due to the displacement computation being
averaged over so called interrogation windows. Furthermore,
the camera is typically focused on the background to obtain
good contrast, which inherently limits the resolution of the
flow being studied which is out of focus. In recent years, the
BOS technique has been applied more often (see Raffel 2015)
due to the advent of digital correlation techniques and better
resolution cameras.

The simplicity of the experimental setup leads to another
advantage of the BOS technique over other flow visualiza-
tion techniques, which is its capability of measuring large flow
fields. Doing this with techniques such as classical Schlieren
or interferometry would be difficult, as these require more op-
tical hardware components such as large mirrors. An early
demonstration of the capability of applying BOS to large scale
flows was done by Raffel et al. (2000b), where the technique
was applied to visualize helicopter blade tip vortices using the
natural environment as a background. More recently, Heineck
et al. (2021) used BOS imaging on a full-scale supersonic air-
craft in flight, using the desert fauna as a background pattern,
and were able to produce the most accurate density gradient
images of aircraft in flight to date (see fig. 1).

Although there has been much development in the field,
there have not been many studies performed that use few pro-
jections in the TBOS reconstruction. To the best of the au-
thor’s knowledge, no study has been performed that imple-
mented TBOS using less than 5 projections. Implementing
TBOS using few-projections is challenging as the tomogra-
phy, which is an inverse problem, needs as many projections
as possible for proper flow field reconstruction.



Figure 1: Airborne BOS imaging of a formation of two T-38
aircraft at [ [0 0JI00 reveals shockwaves (from Heineck et al.
2021)

The development of a robust and accurate few-projections
TBOS technique presents a real opportunity, especially in sit-
uations where only a limited number of viewing angles are
present and/or possible. This is the case, for example, in su-
personic wind tunnels where not many viewing angles are pos-
sible. In the present study, TBOS will be applied to the over-
expanded supersonic jet of a sub-scale rocket nozzle, with
the goal of reconstructing the flow’s three-dimensional den-
sity field. This application was chosen as it serves a good test
case: it is an external flow, meaning there are no problems
placing the cameras, it has stream-wise development (shocks),
and it is of practical relevance. Furthermore, since the tran-
sient flow characteristics occurring during the start-up and
shut-down phases are difficult to predict, current nozzles are
over-designed to withstand the critical lateral forces that oc-
cur during these phases (Frey and Hagemann 1999; Baars et
al. 2012; Ostlund et al. 2004). Applying the TBOS technique
to rocket nozzles could, in the future, aid in the understanding
of the side loads that occur during these phases, and through
this help optimize their design and reduce their mass, directly
translating to higher payload capabilities.

In section 2, the objectives of the present study will be laid
out. Then, in section 3, the theoretical background of the BOS
technique and the principle of tomographic reconstruction will
be presented. Section 4 gives a detailed description of the ex-
perimental method and data acquisition, followed by the data
processing steps given in section 5. Based on these, the results
are obtained and analyzed in section 6. Finally, section 7 gives
some concluding remarks and future recommendations.

2 Objectives and contribution

To reconstruct the jet’s density field, the following approach
will be taken. BOS will be used to extract the density gra-
dients at various projections orthogonal to the main nozzle
axis. Using these projections, a tomographic algorithm will
be used to reconstruct individual slices of the flow (similar to
Venkatakrishnan and Meier 2004), and by stacking these, the
full three-dimensional field will be reconstructed.

The main objective of the present study is to develop an
experimental setup, data acquisition configuration, and col-
lection of data post-processing scripts as an initial framework
for performing TBOS research on jet plumes at the Delft Uni-
versity of Technology Aerodynamics High-Speed Laboratory
(HSL). Additionally, the goal is to explore the feasibility of do-
ing so using a low number of sparsely placed cameras. Here-
after, experimental BOS data will be generated of a supersonic
(overexpanded) sub-scale rocket nozzle jet at various nozzle
pressure ratio (NPR) and camera parameters, and the devel-
oped TBOS technique will be applied to this data to create
quantitative, three-dimensional reconstructions of the density
field.

After this initial iteration, the aspects of this framework
could in the future be extended and improved, and could per-
haps even be used as a starting point for other tomographic
flow measurement techniques. Finally, this paper serves as
an initial reference point for some important TBOS literature
(specifically applied to rocket nozzle jets), and recommenda-
tions for TBOS experimental design at the HSL.

3 Theoretical background

3.1 BOS working principle

The following subsection largely follows the review by Raf-
fel (2015). The basis for the BOS method is based on a
medium’s change in refractive index caused by density gra-
dients (Richard et al. 2002). A medium’s refractive index is
defined as
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where [ is the speed of light in vaccuum and U is the speed of
light in the medium. When light encounters a denser and thus
more refractive medium, it travels slower. Thereby, if there is
a gradient in density and thus refractive index, the wavefront
will tilt and the ray will be refracted. The relation between a
gaseous medium’s refractive index and its density is given by
the Gladstone-Dale equation:
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where [ is the refractive index of the medium, U is the density
of the medium, and [ is the Gladstone-Dale constant, given
by
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Here, U is the wavelength of light used, and is taken (for white
light) as 0 0 000 00, resulting in O O 0000 O 00" 0 oo™,
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